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Resumen

Balmellij, G. 2014. Impacto de Mycosphaerella en Uruguay y variabilidad genética para
resistencia a la enfermedad en Eucalyptus globulus y Eucalyptus maidenii.

La madera de Eucalyptus globulus tiene un alto valor y gran demanda en el mercado
internacional. En Uruguay esta especie es la mas utilizada comercialmente, mientras
que E. maidenii se utiliza como especie alternativa por su mejor sanidad. Desde hace
algunos afios las plantaciones jovenes de ambas especies estan siendo severamente
afectadas por la enfermedad conocida como Mancha Foliar por Mycosphaerella (o MLD
por sus siglas en Inglés). La defoliacién provocada por esta enfermedad, causada
principalmente por Teratosphaeria nubilosa, constituye la principal limitante
productiva para ambas especies de eucaliptos en Uruguay. Por tal motivo, los objetivos
de esta tesis se orientan a determinar las pérdidas productivas ocasionadas por MLD y
a conocer las posibilidades de selecciéon de genotipos resistentes a la enfermedad. El
trabajo se basa en la evaluacion de dos pruebas de progenies de Eucalyptus globulus y
E. maidenii que fueron infectadas naturalmente por MLD. Se ha determinado en esta
tesis que en condiciones intensivas de produccion, E. globulus puede tolerar una
defoliacion por MLD de hasta el 40%, pero que defoliaciones mas severas y/o repetidas
en etapas tempranas del cultivo pueden ocasionar una significativa reducciéon del
crecimiento y de la supervivencia, limitando por tanto la productividad de las
plantaciones afectadas. La defoliacion provocada por T. nubilosa generd pérdidas de
crecimiento al afio de iniciada la epidemia de hasta 44% en E. globulus y de hasta 32%
en E. maidenii. Si bien se demostré que el follaje juvenil de E. globulus es mas
susceptible que el de E. maidenii, el cambio a follaje adulto comienza mas temprano en
E. globulus, por lo cual el periodo de susceptibilidad a la enfermedad es mas corto en
esta especie. De hecho, en E. globulus el cambio precoz de follaje redujo la severidad de
la enfermedad, lo que mejoro el crecimiento y la supervivencia posterior. Por otro lado,
el analisis de la variabilidad genética permitié determinar que en E. globulus existe
variacion, tanto para resistencia del follaje juvenil como para precocidad en el cambio
de follaje, a varios niveles: entre fuentes de semilla, entre procedencias y entre familias.
En las condiciones actuales, donde ocurren infecciones repetidas de T. nubilosa, el
control genético de la resistencia del follaje juvenil de E. globulus es bajo (heredabilidad
de 0.24) y el del inicio del cambio de follaje es alto (heredabilidad de 0.64). Estos
resultados sugieren que si bien es posible seleccionar por resistencia en el follaje
juvenil, para obtener genotipos de E. globulus de buen comportamiento frente a T.
nubilosa es mas eficiente la seleccion por precocidad en el cambio de follaje. En el caso
de E. maidenii, 1a escasa variabilidad genética para resistencia del follaje juvenil y el
tardio cambio de follaje determinan que las posibilidades de selecciéon sean mas
limitadas que para E. globulus. Esta tesis constituye el primer estudio fuera de
Australia, particularmente bajo las condiciones intensivas de produccién utilizadas en
Uruguay, del impacto de MLD en eucaliptos. También se analiza por primera vez el
efecto que tiene el cambio de follaje sobre el crecimiento y la supervivencia luego de
una infeccion severa de la enfermedad. A su vez, y dada la escasa utilizacién de E.



maidenii a nivel mundial, la presente tesis constituye el primer trabajo en que se
analizan tanto los impactos de MLD como la variabilidad genética de la resistencia a la
enfermedad en esta especie de eucalipto.

Palabras clave: defoliacion, cambio de follaje, Teratosphaeria nubilosa, heredabilidad,
correlaciones genéticas, pérdidas productivas.
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Introduccion

El sector forestal en el Uruguay

Uruguay ha sido histéricamente un pais agricola-ganadero, con menos de un 5% de su
superficie cubierta por bosque nativo. En las ultimas décadas, y a partir de la
promulgacién en 1987 de una ley tendiente a promover la actividad forestal (Ley
Forestal N2 15939), el Uruguay experimentdé una explosiva expansion del area
forestada con fines comerciales (MGAP 2013). Las plantaciones forestales pasaron de
45.000 hectareas en 1990 a 990.000 hectareas en 2012, con aproximadamente 240.000
hectareas de pinos y 750.000 hectareas de eucaliptos (MGAP 2013) (Figura 1). El rubro
forestal se ha orientado principalmente a la produccién de madera para pulpa de
celulosa y de madera para aserrio y debobinado, siendo Eucalyptus globulus, E. grandis
y Pinus taeda las especies mas utilizadas. La expansion de la forestaciéon comercial
resulté en un marcado incremento de las exportaciones de productos forestales, las
cuales a partir del 2008 posicionan al sector forestal como el tercer rubro exportador,
detras de los granos y la carne (SPF 2011). En el afio 2010 las exportaciones del sector
forestal, incluyendo celulosa, alcanzaron los 1.081 millones de ddlares, representando

el 15% del total de las exportaciones del pais (DIEA 2011).
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Figura 1. Superficie plantada con especies forestales en Uruguay a partir de la
promulgacion de Ley Forestal 15939. Fuente: Direccion General Forestal, MGAP.



Las plantaciones de eucaliptos en Uruguay estuvieron durante la década de 1990
relativamente libres de problemas sanitarios, lo cual se explica por el hecho de ser
especies exoéticas y por lo tanto de crecer aisladas de sus enemigos naturales (Wingfield
et al. 2008; Paine et al. 2011). Sin embargo, el incremento del area forestada trajo
aparejado un aumento en la concentracién de in6culo de diversas enfermedades y en la
densidad poblacional de diferentes plagas. A su vez, la introduccién de germoplasma
desde varias partes del mundo gener6 un incremento en el ingreso accidental de plagas
y enfermedades forestales al pais (Pérez 2012). Este hecho se vio acelerado a partir del
afio 2000, habiéndose reportado desde entonces la presencia en plantaciones de
eucaliptos en Uruguay de los siguientes insectos: Costalimaita ferruginea, Glycaspis
brimblecombei, Leptocybe invasa, Thaumastocoris peregrinus (Martinez 2010; Martinez
y Bianchi 2010; Bollazzi 2011, 2013) y de los siguientes patogenos: Ceratocystis
fimbriata, Erwinia psidii, Inocutis jamaicensis, Mycosphaerella aurantia, M. heimii, M.
lateralis, M. marksii, M. scytalidii, M. walkeri, Pseudocercospora norchiensis, Puccinia
psidii, Teratosphaeria gauchensis, T. molleriana, T. nubilosa, T. ohnowa, T. pluritubularis,
T. suberosa, T. pseudoeucalypti (Wingfield 2000; Barnes et al. 2003; Telechea et al.
2003; Martinez 2005; Cortinas et al. 2006; Crous et al. 2006; Pérez et al. 2009a, 2009b;
Coutinho et al. 2011; Simeto et al. 2013).

La forestacion con Eucalyptus globulus 'y E. maidenii

La excelente calidad de la madera de Eucalyptus globulus para la produccién de pulpa
de celulosa y papel (alta densidad, bajo contenido de extractivos y alto rendimiento de
celulosa) determina que sea una de las especies de mayor demanda en el mercado
internacional (Tibbits et al. 1997; Villena 2003). El valor de su madera y su velocidad
de crecimiento impulsaron fuertemente la plantacién de E. globulus en Uruguay, siendo
actualmente la especie forestal con mayor superficie plantada en el pais. El E. maidenii,
especie muy emparentada a E. globulus, ha sido utilizada frecuentemente como especie
alternativa debido a su mayor resistencia al frio y mejor sanidad. Entre ambas especies

ocupan un area superior a las 350.000 mil hectareas (MGAP 2013).

Durante la década de 1990 se registraron importantes tasas de plantacién anual con E.
globulus y E. maidenii en todas las zonas de prioridad forestal. Sin embargo, su falta de
adaptacion a zonas sin influencia maritima y su alta susceptibilidad a enfermedades y
plagas, determinaron que las plantaciones establecidas en el Norte, Oeste y Centro del

pais tuviesen una productividad muy por debajo de lo esperado (Balmelli y Resquin



2002). Por tal motivo, desde comienzos de la década de 2000 la plantaciéon de E.
globulus y E. maidenii se fue desplazando hacia la regidn Sureste del pais. En el caso de
E. globulus se generaliz6 la utilizacion de semilla de origen Jeeralang (Australia),
reconocida por su buen comportamiento sanitario (Resquin y Balmelli 1999, 2005;

Balmelli 2002), y algunas empresas comenzaron a utilizar clones.

Si bien inicialmente ambas medidas demostraron ser exitosas, permitiendo mejorar la
sanidad y productividad de las plantaciones, en los ultimos afios la enfermedad
conocida como Mancha Foliar por Mycosphaerella (o MLD por sus siglas en Inglés) ha
venido afectando seriamente a la totalidad de las plantaciones jovenes de E. maidenii y
E. globulus, incluidas las establecidas con el origen Jeeralang y las plantaciones clonales
(Balmelli et al. 2009a, 2009b; Simeto et al. 2010; Pérez et al. 2013) (Figura 2). La
magnitud del problema en E. globulus, que en ocasiones llega a provocar pérdidas de
area foliar superiores al 80% (Balmelli et al. 2011; Pérez et al. 2013), ha provocado en
los ultimos afios la sustitucion de esta especie por otras mas resistentes, como E. dunnii

y E. grandis. De hecho, el area plantada anualmente con E. globulus ha sufrido una

drastica reduccion, pasando de 11600 hectareas en 2006 a 706 hectareas en 2011

(MGAP 2013).

Figura 2. Plantaciones de Eucalyptus globulus afectadas por MLD: defoliacion severa en
plantacion clonal de un ano (izquierda) y productividad comprometida en plantaciéon
seminal de dos afios (derecha).

Teratosphaeria nubilosa, patégeno forestal mas importante en Uruguay

Mas de 150 especies de Mycosphaerellaceae y Teratosphaeriaceae han sido
identificadas causando enfermedades en eucaliptos (Burgess et al. 2007; Crous et al.

2007; Andjic et al. 2010; Carnegie et al. 2011; Hunter et al. 2011), la mayor parte de las



cuales provocan manchas foliares. Como se mencion6 anteriormente, varios patégenos
que causan MLD (M. aurantia, M. heimii, M. lateralis, M. marksii, M. scytalidii, M. walkeri,
T. molleriana, T. nubilosa, T. ohnowa, T. pluritubularis, T. pseudoeucalypti, T. suberosa)
han sido identificados en plantaciones de eucaliptos en Uruguay. Aunque la mayoria de
dichos patogenos son patogenos secundarios, colonizando tejidos necroticos o
senescentes (Crous 1998; Crous et al. 2006), T. nubilosa es un patdégeno primario,
siendo considerada como una de las especies de MLD mas destructivas a nivel mundial
(Mohammed et al. 2003; Hunter et al. 2009). Se encuentra presente en bosques nativos
y en plantaciones de Eucalyptus en la mayor parte de Australia (Dungey et al. 1997;
Milgate et al. 2001; Carnegie 2007; Barber et al. 2008; Jackson et al. 2008; Pérez et al.
2012), asi como en plantaciones de Eucalyptus en Sudafrica (Crous y Wingfield 1996;
Hunter et al. 2004); Kenia, Tanzania, Zambia (Hunter et al. 2008), Etiopia (Gezahgne et
al. 2006), Nueva Zelanda (Mohammed et al. 2003), Espaia (Crous et al. 2004), Portugal
(Crous et al. 2006), Uruguay y Brasil (Pérez et al. 2009b, 2009c).

Teratosphaeria nubilosa ha sido reportada en numerosas especies de eucalipto, como E.
bicostata, E. botryoides, E. bridgesiana, E. camaldulensis, E. cypellocarpa, E.
darlympleana, E. dunnii, E. globulus, E. grandis, E. gunnii, E. macarthurii, E. maidenii, E.
nitens, E. quadrangulata, E. saligna, E. smithii, E. tereticornis y E. viminalis (Hunter et al.
2009, 2011). Sin embargo, es en plantaciones comerciales de E. globulus en varios
paises donde ha causando los mayores dafios (Hunter et al. 2009), llevando al
abandono de esta especie en Sudafrica (Lundquist y Purnell 1987) y en zonas de alto
riesgo de la enfermedad en Tasmania, Australia (Mohammed et al. 2003). Aunque T.
nubilosa puede encontrarse en hojas adultas de E. globulus (Kularatne et al. 2004; Pérez
et al. 2009c), principalmente afecta el follaje juvenil y el follaje intermedio, causando
manchas necrdticas, defoliacién prematura y, en infecciones severas, muerte de apices

y ramas (Crous 1998; Park et al. 2000; Carnegie y Ades 2002) (Figura 3).

Teratosphaeria nubilosa fue identificada por primera vez en Uruguay en 2007 en
plantaciones de E. globulus (Pérez et al. 2009b). El hecho de que se encontrd un tnico
haplotipo, y que el mismo es el Uinico existente en Espafia y Portugal, hace suponer que
la introduccién de este patégeno al pais haya ocurrido desde la Peninsula Ibérica,
probablemente en material de propagacion de E. globulus (Pérez et al. 2009Db).
Relevamientos sanitarios sistematicos realizados en plantaciones comerciales de
eucaliptos demostraron que T. nubilosa se dispersé rapidamente a todo el pais,

constituyendo actualmente el principal problema sanitario para el sector forestal



uruguayo (Balmelli et al. 2009a, 2009b). En plantaciones de E. globulus, relevadas a los
6,12 y 24 meses de edad, se registraron pérdidas promedio de area foliar de 12%, 46%
y 76%, respectivamente (Balmelli et al. 2009b; Simeto et al. 2010; Pérez et al. 2013). La
frecuencia y gran severidad de los dafios provocados por T. nubilosa en Uruguay son
consecuencia de la alta susceptibilidad del follaje juvenil de E. globulus y E. maidenii
(Carnegie et al. 1994, 1998), del gran volumen de indculo producido por el patégeno
(Park 1988a) y de que las condiciones ambientales predisponentes (varios dias de
lluvia y/o alta humedad relativa y temperaturas de 10-152C, Park 1988b) son

frecuentes en el pais (Balmelli et al. 2013).
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Figura 3. Manchas necroticas de Teratosphaeria nubilosa en hojas nuevas (izquierda) y
defoliacion severa con muerte de ramas en plantaciéon de Eucalyptus globulus
(derecha).

Impacto de las manchas foliares por MLD

Las manchas foliares y la defoliaciéon provocadas por MLD en eucaliptos reducen el area
fotosintéticamente activa, lo cual afecta negativamente el crecimiento, y pueden
conducir a la malformacion del arbol, resultando en pérdidas de productividad en las
plantaciones afectadas (Lundquist y Purnell 1987; Carnegie et al. 1998; Mohammed et
al. 2003; Milgate et al. 2005; Hunter et al. 2009). A su vez, el estrés ocasionado por la
enfermedad predispone al arbol a otros patégenos, al ataque de insectos y/o a factores
abidticos adversos (Carnegie et al. 1994). Diversos estudios han demostrado que el
umbral de dafio foliar que provoca pérdidas de crecimiento en eucaliptos y la magnitud
de las pérdidas, dependen de la severidad, del patrén, del momento y de la frecuencia

de los dafios sufridos por los arboles (Candy et al. 1992; Abbott et al. 1993; Stone et al.
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1998; Collett y Neumann 2002; Wills et al. 2004; Pinkard et al. 2006b). El efecto del
dafio sobre el crecimiento también depende de la capacidad de recuperacion del arbol,
lo cual a su vez estd influenciado por la edad, el estado nutricional, la calidad del sitio y
la ocurrencia de estreses abidticos, como sequia o temperaturas extremas (Pinkard y

Beadle 1998a; Carnegie y Ades 2001; Smith 2006).

Existen evidencias de que los eucaliptos toleran eventos aislados de defoliacion sin que
se vea afectado el crecimiento. Por ejemplo defoliaciones de 25% en E. nitens de 3 afios
(Lundquist y Purnell 1987), 40% en E. globulus de un aio (Eyles et al. 2009a), 49% en
E. regnans de 3 aflos (Candy et al. 1992) o 50% en E. nitens de 2 aios (Rapley et al.
2009), no redujeron significativamente el crecimiento. Sin embargo, Pinkard et al
(2006a) reportan que un 10% de dafio foliar es suficiente para causar pérdidas de
crecimiento en E. globulus, mientras que Carnegie y Ades (2003), Milgate et al. (2005) y
Smith (2006) registraron, para dafios foliares del 20%, reducciones del crecimiento de
entre 4% y 17%. De acuerdo a Smith (2006), en E. globulus los dafos foliares menores
al 80% provocan una pérdida inicial en el crecimiento, retomandose posteriormente el
crecimiento normal, mientras que dafios mayores al 80% provocan una reduccion
permanentes del crecimiento. Defoliaciones muy severas y/o repetidas en el tiempo
pueden provocar mortalidad. Wilkinson y Neilsen (1995) registraron reducciones
significativas en la supervivencia de E. nitens y E. regnans menores a un aio cuando la
defoliacion fue superior a 50% y Candy et al. (1992) en E. regnans de 3 afnos con

defoliaciones del 100% durante 2 afios consecutivos.

Alternativas de manejo de enfermedades foliares en eucaliptos

Se han propuesto diferentes medidas de manejo tendientes a minimizar los efectos de
las enfermedades foliares en plantaciones de eucaliptos, por ejemplo la eleccién del
sitio (es decir, evitar plantar en sitios de alto riesgo de infecciéon) (Carnegie 2007), el
incremento del vigor y la tolerancia de los arboles mediante una silvicultura intensiva o
mediante la aplicacion de activadores de las defensas de la planta (Stone 2001;
Mohammed et al. 2003), la aplicacion de fungicidas (Carnegie y Ades 2003; Alonso et al.
2013) y la re-fertilizacion para acelerar la recuperacion de los arboles afectados
(Wardlaw et al. 2005; Pinkard et al. 2006a, 2006b, 2007; Carnegie 2007). Sin embargo,
dichas alternativas presentan importantes limitaciones, tanto econdmicas como
ambientales y operacionales, y hasta el momento no han demostrado ser eficientes en

el control de MLD en plantaciones a escala comercial.
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Por tales motivos, existe consenso a nivel internacional en cuanto a que la forma mas
efectiva para reducir el dafio de enfermedades foliares en eucaliptos es la utilizacion de
especies y/o materiales de propagacion resistentes (Carnegie et al. 1994; Dungey et al.
1997; Tibbits et al. 1997; Alfenas et al. 2004; Milgate et al. 2005; Hunter et al. 2009). En
el caso de especies de eucalipto con follaje marcadamente heteroblastico, como E.
globulus y E. maidenii cuyas hojas juveniles y adultas presentan caracteristicas
morfolégicas y anatémicas muy diferentes (James y Bell 2001), y dado que el follaje
adulto es resistente a la mayoria de los patdgenos (Park et al. 2000), la utilizacién de
materiales de propagacion que inicien precozmente el cambio de follaje ha sido
sugerida como otra alternativa para reducir el dafio de enfermedades foliares (Milgate
et al. 2005). El éxito de esta estrategia estara determinado por la posibilidad de obtener
materiales de propagacion resistentes o con cambio precoz de follaje, lo cual en ultima

instancia dependera de la variacién genética existente para estas caracteristicas.

Variabilidad genética para resistencia a enfermedades foliares

Numerosos trabajos han estudiado la variabilidad genética en eucaliptos para
resistencia a patégenos foliares, por ejemplo para Aulographina eucalypti (Carnegie y
Keane 2003; Carnegie et al. 2004), Puccinia psidii (Dianese et al. 1984; Carvalho et al.
1998; Zauza et al. 2010); Quambalaria pitereka (Dickinson et al. 2004; Johnson et al.
2009). Se ha reportado variabilidad genética para resistencia a MLD, tanto a nivel de
especies como de procedencias y familias (Wilcox 1982; Carnegie et al. 1994, 1998;

Dungey et al. 1997; Hood et al. 2002; Carnegie y Ades 2005).

Ensayos de evaluacion de especies han demostrado que E. globulus es una de las
especies mas susceptibles a MLD (Carnegie et al. 1994; Hood et al. 2002). Dentro de
esta especie se han reportado diferencias entre procedencias para resistencia a MLD
(Reinoso 1992; Carnegie et al. 1994; Dungey et al. 1997; Hood et al. 2002; Carnegie y
Ades 2005), siendo las procedencias de Tasmania generalmente mas susceptibles que

las procedencias de Victoria (Hamilton et al. 2013).

En varios trabajos se ha reportado variacién genética a nivel de familias para
susceptibilidad a MLD en E. globulus (Carnegie y Ades 2005; Milgate et al. 2005;
Tejedor 2007; Hamilton et al. 2013). La resistencia del follaje juvenil presenta un
moderado control genético, aunque los valores de heredabilidad reportados en la
bibliografia son bastante heterogéneos, variando entre 0.12 y 0.60 (Reinoso 1992;

Dungey et al. 1997; Carnegie y Ades 2005; Milgate et al. 2005; Hamilton et al. 2013).
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En E. globulus también se ha reportado variabilidad genética para el momento en que
ocurre el cambio de follaje de juvenil a adulto, presentando las procedencias de Victoria
mayor precocidad en dicho cambio que las procedencias de Tasmania (Hamilton et al.
2011). El inicio del cambio de follaje en E. globulus presenta heredabilidades que varian
entre 0.30 y 0.74 (Reinoso 1992; Ipinza et al. 1994; Jordan et al. 1999; Lopez et al.
2002).

13



Objetivos

La defoliaciéon causada por MLD constituye la principal limitante para el cultivo de
Eucalyptus globulus y Eucalyptus maidenii en Uruguay. Por tal motivo, los objetivos
generales de esta tesis fueron analizar las pérdidas ocasionadas por MLD,
especialmente las provocadas por Teratosphaeria nubilosa, y conocer las posibilidades

de seleccion de genotipos resistentes en dichas especies de eucaliptos.

Los objetivos especificos fueron:

1. Establecer el umbral de dafio y cuantificar las pérdidas productivas a largo plazo

provocadas por MLD en E. globulus (1I).

2. Conocer el comportamiento de diferentes fuentes de semilla de E. globulus en

condiciones de infecciéon de MLD (II).

3. Cuantificar el grado de control genético de la resistencia del follaje juvenil a

MLD y de la precocidad del cambio de follaje en E. globulus (II).

4. Estimar las ganancias genéticas esperadas mediante seleccién por resistencia a

MLD en E. globulus (1I).

5. Determinar la susceptibilidad de E. globulus y E. maidenii frente a T.

nubilosa (111 y IV).

6. Cuantificar los efectos del dafio provocado por T. nubilosa y del cambio de follaje

sobre el crecimiento y la supervivencia de E. globulus y E. maidenii (IV).

7. Cuantificar el grado de control genético de la resistencia a T. nubilosa en

E. globulus y E. maidenii (I1I).
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Materiales y Métodos

La presente tesis se basa en el andlisis de dos ensayos de campo de Eucalyptus globulus
y E. maidenii, instalados por el Instituto Nacional de Investigacion Agropecuaria (INIA)
en el Sureste de Uruguay (Figura 4), los cuales fueron infectados naturalmente por
enfermedades foliares.
- Prueba de progenies de E. globulus instalada en 2002 en el Departamento de
Rocha, afectada por MLD y Roya del Eucalipto (I y II).
- Prueba de progenies de E. globulus y E. maidenii instalada en Marzo de 2011 en el

Departamento de Lavalleja, afectada por Teratosphaeria nubilosa (111 y IV).

Figura 4. Principales zonas forestales del Uruguay (en verde) y ubicacion de los
ensayos analizados (puntos rojos).

Material genético evaluado
- 230 familias de polinizacion abierta de E. globulus, procedentes de 3 fuentes de
semilla: Australia (9 procedencias), Chile (4 procedencias) y Uruguay (3
procedencias) (I y II).
- 194 familias de polinizacién abierta de E. globulus y 86 familias of E. maidenii,

procedentes de las poblaciones de cria del Programa de Mejoramiento del INIA

(I y IV).
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Disefio experimental

Bloques completos al azar, con 24 repeticiones y parcelas de un arbol, lo que
hace un total de 5520 arboles (I y II).
Bloques completos al azar, con 3 repeticiones y parcelas de 8 arboles, lo que

hace un total de 6720 arboles (Il y IV).

Caracteristicas medidas

Defoliaciéon por MLD (porcentaje de hojas caidas, en el total de la copa de cada
arbol) a los 8 meses de edad (I y II).

Crecimiento en altura a los 8 meses, a los 3 afos (I y II) y a los 9 afios (II).
Crecimiento en didmetro a la altura del pecho (DAP) alos 3,5y 7 afios (1yII) y
alos 9 anos (II).

Volumen por arbol a los 9 afios (II).

Supervivencia a los 8 meses, alos 3,5y 7 afos (I y II) y a los 9 afios (II).
Precocidad del cambio de follaje (porcentaje de follaje adulto, en el total de la
copa de cada arbol) a los 20 meses (II).

Severidad de manchas y defoliacion por T. nubilosa a los 14 meses (Il yIV) y a
los 21 meses (IV).

Precocidad del cambio de follaje (porcentaje de follaje adulto, en el total de la
copa de cada arbol) a los 14 meses (Il y IV) y alos 21 y 26 meses (IV).
Crecimiento en altura a los 14 meses (Il y IV) y a los 26 meses (IV).
Crecimiento en didmetro a la altura del pecho (DAP) a los 26 meses (IV).

Supervivencia a los 14, 21 y 26 meses (IV).

Efectos fenotipicos analizados

Efecto de la defoliacién a los 8 meses sobre el crecimiento (altura y diametro) y
sobre la supervivencia hasta los 7 afios (I).

Efecto de la defoliacion a los 14 meses sobre el crecimiento (altura y diametro)
y sobre la supervivencia hasta los 26 meses (IV).

El efecto del porcentaje de follaje adulto a los 14 meses sobre el crecimiento

(alturay diametro) y sobre la supervivencia hasta los 26 meses (IV).

Efectos genéticos analizados

Especie de eucalipto (III).
Fuente de semilla en E. globulus (II).

Procedencia en E. globulus (1I).
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Parametros genéticos estimados

Varianza aditiva (II y III).
Heredabilidad individual (II y III).

Correlaciones genéticas (I y III).

Ganancias genéticas esperadas

Para defoliacion y para porcentaje de follaje adulto, mediante seleccidn directa
por dichas caracteristicas (II).

Para supervivencia y para volumen por arbol a los 9 afios, mediante seleccidon
temprana por defoliacidn y por porcentaje de follaje adulto (II).

Para supervivencia y para volumen por arbol a los 9 afios, mediante seleccién

directa por dichas caracteristicas (II).

Analisis estadisticos

Analisis de varianza (ANOVA) mediante los procedimientos GLM (I, Il y IV) y
MIXED (II) del SAS (SAS Institute 1997).

Contrastes de medias mediante el test de Tukey-Kramer (I1y IV).

Regresiones (I) y correlaciones fenotipicas (II, III y IV) mediante los
procedimientos REG y CORR del SAS.

Pardmetros genéticos estimados mediante maxima verosimilitud restringida

en ASREML (Gilmour et al. 2009) (I y III).

17



Resultados

1. Umbral de dafio y pérdidas productivas provocadas por MLD en Eucalyptus
globulus (1)

A los 8 meses de edad el ensayo presentdé una alta incidencia de MLD (94% de los
arboles), registrandose una defoliacion media del 37%. Los dafios provocados por la
enfermedad afectaron tanto el crecimiento como la supervivencia, registrandose el
mayor efecto en los primeros dos afios posteriores a la infeccién. Aquellos arboles que
sufrieron una defoliacion inferior al 40% no vieron afectada significativamente su tasa
de crecimiento en ningdin periodo. Sin embargo, el didmetro al afio 7 de los arboles mas
severamente afectados (defoliacion del 80%) fue un 20% inferior que el didametro de
los arboles sanos (0% de defoliacion). Si bien la enfermedad so6lo afectd
significativamente la supervivencia cuando la defoliacién fue superior al 60%, los
arboles mas severamente danados (80% de defoliacién) registraron una mortalidad
acumulada al afio 7 del 74%. Los resultados obtenidos demuestran que, al menos en las
condiciones intensivas de produccién de Uruguay, las plantaciones de E. globulus
pueden tolerar un relativamente alto nivel de dafio por MLD, pero que dafos foliares
severos en los primeros meses del cultivo pueden ocasionar considerables pérdidas

productivas.

2. Comportamiento de diferentes fuentes de semilla de Eucalyptus globulus en
condiciones de infeccion de MLD (II)

Las tres poblaciones analizadas presentaron diferente comportamiento frente a MLD.
La semilla uruguaya fue la mas susceptible (mayor defoliacion a los 8 meses), mientras
que la semilla chilena fue la que comenzé mas tarde el cambio de follaje (menor
porcentaje de follaje adulto a los 20 meses). Sin embargo, estas diferencias no se vieron
reflejadas en la productividad a largo plazo, ya que tanto la supervivencia como el
volumen individual a los 9 afios fueron similares en las diferentes fuentes de semilla.
También se encontraron diferencias significativas entre procedencias para el
porcentaje de defoliacion, para porcentaje de follaje adulto y para volumen individual a
los 9 afios, siendo las procedencias australianas las de mejor comportamiento. Isla
Flinders y Norte de Yarram fueron las procedencias mas resistentes, mientras que
Kennett River y Otways SF & Yuulong fueron las que cambiaron el follaje mas

temprano. A su vez, Otways SF & Yuulong y Norte de Yarram, ambas del estado de
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Victoria, fueron las procedencias que alcanzaron mayor volumen individual al afio 9.
Estos resultados demuestran la importancia de la eleccién de la fuente de semilla como
alternativa de manejo para el establecimiento de plantaciones de E. globulus en sitios

con riesgo de infecciéon de MLD.

3. Control genético de la resistencia del follaje juvenil a MLD y de la precocidad
del cambio de follaje en Eucalyptus globulus (1I)

Todas las caracteristicas evaluadas (susceptibilidad a MLD, precocidad del cambio de
follaje, supervivencia y crecimiento) presentaron significativa variaciéon genética
aditiva. La heredabilidad individual para defoliacion a los 8 meses y para proporcion de
follaje adulto a los 20 meses fue moderadamente alta, con valores de 0.43 y 0.41,
respectivamente. La supervivencia hasta los 9 afios también presenté valores
moderadamente altos de heredabilidad (entre 0.33 y 0.45), mientras que la
heredabilidad para el crecimiento hasta los 9 afios fue moderada, variando entre 0.21 y
0.34. La correlacién genética entre la defoliacion y el crecimiento posterior fue negativa
(variando entre -0.33 y -0.44), mientras que la correlacion entre el porcentaje de follaje
adulto y el crecimiento posterior fue positiva (0.34 a 0.41), indicando que los arboles
que son genéticamente susceptibles crecen menos que los arboles resistentes y que los
arboles que cambian el follaje precozmente crecen mas que los que lo cambian tarde.
La supervivencia también se correlacioné genéticamente en forma negativa con la
defoliacion (-0.32 a -0.45) y en forma positiva con el porcentaje de follaje adulto (0.29 a
0.37), indicando que la supervivencia es genéticamente dependiente tanto de la
susceptibilidad del follaje juvenil como de la precocidad del cambio de follaje. Estos
resultados sugieren que es posible obtener materiales de propagacion de E. globulus
para sitios con riesgo de infeccion de MLD mediante la seleccién de genotipos de buena

resistencia en el follaje juvenil y/o con cambio precoz de follaje.

4. Ganancias genéticas esperadas mediante seleccion por resistencia a MLD en
Eucalyptus globulus (II)

Las ganancias genéticas esperadas mediante la transformaciéon de la prueba de
progenies en un huerto semillero fueron altas, variando entre 37 y 42% para diferentes
esquemas de seleccion si se selecciona por baja defoliacién y entre 46 y 52% si se
selecciona por alta proporcién de follaje adulto. A su vez, la selecciéon temprana por

estas caracteristicas permitiria obtener incrementos en volumen individual (entre 2.2 y
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6.0%) y en supervivencia al afio 9 (entre 18.5 y 24.9%). Estos resultados sugieren que
mediante la selecciéon de las mejores familias e individuos es posible mejorar la
resistencia a MLD o lograr un cambio de follaje mas precoz, lo cual se traducird en un

incremento en el volumen y en la supervivencia a la edad de cosecha.

5. Susceptibilidad de Eucalyptus globulus y E. maidenii frente a Teratosphaeria
nubilosa (111 & 1V)

Tres meses después de iniciada la epidemia de T. nubilosa practicamente el 100% de
los arboles de ambas especies presentaban sintomas de la enfermedad. El nivel de dafio
fue significativamente mas alto en E. globulus que en E. maidenii, presentando mayor
severidad de manchas foliares (10.6 y 5.6%, respectivamente) y mayor defoliacién
(31.9y 22.9%, respectivamente). A los 10 meses de iniciada la infeccidn la diferencia en
el nivel de dafio de ambas especies fue aiin mayor, registrdndose una defoliacion media
de 52.5% en E. globulus y de 28.8% en E. maidenii. Por el contrario, el cambio de follaje,
de juvenil a adulto, comenz6 significativamente mas temprano en E. globulus que en E.
maidenii. A los 14 meses de edad un 34.1% de los arboles de E. globulus ya habia
comenzado el cambio de follaje, mientras que en E. maidenii s6lo tenian hojas adultas el
2.8% de los arboles. Los resultados obtenidos demuestran que el follaje juvenil de E.
globulus es mas susceptible a T. nubilosa que el de E. maidenii. Sin embargo, debido a la
mayor precocidad en el cambio de follaje, el periodo de susceptibilidad en E. globulus es

mas corto que en E. maidenii.

6. Efecto del dafio provocado por Teratosphaeria nubilosa, y efecto del cambio de
follaje, sobre el crecimiento y la supervivencia de Eucalyptus globulus y E.
maidenii (IV)

En ambas especies se registré una relacién inversa entre el nivel de defoliacién a los 14
meses y el crecimiento en diametro a los 26 meses. El crecimiento en E. globulus se vio
afectado significativamente cuando los arboles tenian al menos un 20% de defoliacion,
mientras que en E. maidenii el crecimiento se vio afectado en los arboles que tenian al
menos un 30% de defoliaciéon. La diferencia de crecimiento en diametro entre los
arboles mas dafiados y los menos dafiados, es decir la pérdida de crecimiento en los
niveles de mayor defoliacién, fue de 44% en E. globulus y de 32% en E. maidenii. El
dafio provocado por T. nubilosa no afectd la supervivencia posterior en E. maidenii,

pero si en E. globulus, donde los arboles mas dafiados (defoliaciéon de 50 y 60%)
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presentaron mortalidades significativamente mayores que los arboles menos afectados.
En el caso de E. globulus se registré una relacién directa entre el porcentaje de follaje
adulto a los 14 meses y el crecimiento en didmetro a los 26 meses. Los arboles que
tenian al menos un 10% de follaje adulto tuvieron un crecimiento en DAP
significativamente mayor que los que ain no habian comenzado a cambiar el follaje. A
su vez, los arboles de E. globulus que a los 14 meses ya habian comenzado a cambiar el
follaje presentaron menor mortalidad que aquellos que solamente presentaban follaje
juvenil. Estos resultados demuestran que el efecto perjudicial de las infecciones de T.
nubilosa es mayor en E. globulus que en E. maidenii. Demuestran también la
importancia de la precocidad en el cambio de follaje como forma de escape a nuevas

infecciones.

7. Control genético de la resistencia a Teratosphaeria nubilosa en Eucalyptus
globulus y E. maidenii (11I)

Tanto la severidad de las manchas foliares como la defoliacién provocadas por T.
nubilosa presentaron significativa variacidén genética aditiva en E. globulus, con valores
de heredabilidad individual de 0.40 y 0.24, respectivamente. La variacion genética en E.
maidenii fue menor en ambas caracteristicas, siendo significativa solamente para
defoliacién, con una heredabilidad de 0.21. En E. globulus la proporcién de follaje
adulto a los 14 meses present6 muy alta heredabilidad (0.64). En E. globulus se registrd
una correlacién genética negativa entre la altura del arbol y la defoliacién (-0.39) y una
correlacion positiva entre la altura y la proporcion de follaje adulto (0.49). El control
genético de la resistencia a T. nubilosa tuvo una estrecha relacién con el de la
precocidad del cambio de follaje, registrandose una correlaciéon genética entre
defoliacion y proporcién de follaje adulto de -0.71. Estos resultados sugieren que en E.
globulus es posible seleccionar genotipos que presenten cierta resistencia en el follaje
juvenil, pero que la respuesta a la seleccién sera mayor si se selecciona por cambio
precoz de follaje. En cambio, las posibilidades de mejorar el comportamiento frente a T.

nubilosa mediante seleccion son bastante limitadas en E. maidenii.
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Discusion

Impacto de MLD en eucaliptos

Las manchas foliares y la caida prematura de las hojas, provocadas por enfermedades
como MLD, reducen el area fotosintéticamente activa, afectando por lo tanto el
crecimiento posterior de los arboles. Si bien la magnitud de la reduccién del area foliar
se correlaciona negativamente con el crecimiento (I y IV), tanto el umbral de dafio
como la duracion del efecto son dificiles de predecir debido a que la respuesta de los
arboles depende de la interaccién de diversos factores bidticos y abidticos (Eyles et al.
2013). Los factores relacionados a la propia enfermedad, como la severidad, frecuencia
y patron de defoliacién, asi como el momento del afio en que ésta ocurre, tienen
diferente impacto dependiendo de la edad de los arboles y de caracteristicas del
ambiente, como disponibilidad de nutrientes y agua. Frecuentemente los eventos de
defoliacion por MLD se repiten en el tiempo (IV), lo cual provoca mayor impacto en el
crecimiento que una defoliacion aislada (Abbott et al. 1993; Wills et al. 2004; Pinkard et
al. 2006b). A su vez, la pérdida de follaje en la parte superior de la copa tiene un mayor
efecto sobre el crecimiento que la pérdida de follaje en la parte baja (Collett y Neumann
2002; Pinkard et al. 2006b) y defoliaciones que ocurren a fines del verano o en otofio
tienen mayor efecto que cuando ocurre a fines del invierno o en primavera (Cremer

1973; Abbott y Wills 1996).

Aunque la defoliacidn causada por MLD tiene un importante efecto sobre la produccién
de biomasa en el corto plazo, se ha demostrado que los eucaliptos tiene una gran
capacidad de recuperacion (Eyles et al. 2009a; Quentin et al. 2011; Barry et al. 2012).
Existen diferentes mecanismos por los cuales los arboles afectados pueden mantener o
recuperar tasas de crecimiento similares a las de arboles sanos. La defoliacion
comuUnmente resulta en un incremento de la tasa fotosintética por unidad de area en el
follaje remanente (Pinkard y Beadle 1998b; Pinkard et al. 2007; Turnbull et al. 2007;
Quentin et al. 2012), asi como también en un rejuvenecimiento de las hojas viejas no
dafiadas, restaurando su capacidad fotosintética a valores cercanos a los de las hojas
nuevas (Pinkard et al. 1998; Forrester et al. 2012). Otros mecanismos, como retrasar la
senescencia de las hojas viejas no dafiadas, producir hojas mas grandes o acelerar el

desarrollo de las hojas nuevas, son utilizados por el arbol para aumentar la captura de
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luz y por lo tanto recuperar la tasa de crecimiento luego de una defoliacién (Pinkard et

al. 1998; Pinkard y Beadle 1998c).

Umbral de dafio en Eucalyptus globulus y E. maidenii (1y IV)

En E. globulus el umbral de dafio por MLD, es decir, el nivel de defoliaciéon que provoca
una reduccién significativa en el crecimiento, fue del 40% en el primer ensayo
analizado (I) y del 20% en el segundo ensayo (IV). Dado que estos ensayos fueron
instalados en diferentes momentos y en diferentes sitios, no es posible comparar entre
si los resultados obtenidos en ambos casos. Sin embargo, algunas de sus caracteristicas
pueden ayudar a interpretar la diferencia observada en el umbral de dafio. El tipo de
suelo y el manejo silvicultural utilizado en ambos ensayos es comparable y en ninguno
de los dos casos existieron periodos de déficit hidrico que pudiese limitar la
recuperacion de los arboles. El primer ensayo sufri6é una infecciéon combinada de MLD y
Roya del Eucalipto, mientras que en el segundo ensayo la infeccién fue inicamente de
MLD causada por T. nubilosa. Sin embargo, dado que la Roya del Eucalipto no provoca
la caida de las hojas afectadas, la defoliacién en ambos ensayos se debié exclusivamente
a MLD. La edad de los arboles al momento en que se inici6 la infeccion de MLD fue de
aproximadamente 6 meses en el primer ensayo, donde el 100% del follaje era juvenil, y
de 12 meses en el segundo ensayo, donde algunos arboles ya habian comenzado a
cambiar el follaje. En ambos ensayos la infeccién comenz6 a fines del verano o inicio del
otofio (Febrero-Marzo) y en ambos casos se registr6 el mismo patrén de dafio,
defoliandose la parte inferior de la copa. La diferencia mas importante entre ambas
situaciones fue la frecuencia de la infecciéon. En el primer ensayo ocurrié un tnico
evento de defoliacion, mientras que en el segundo se registré un aumento continuo de
la defoliacion como consecuencia de re-infecciones (ciclos secundarios de la
enfermedad) durante los meses de Febrero a Mayo, lo que se coincide con los patrones
de infecciéon de T. nubilosa (Smith, 2006). Aunque en determinadas condiciones los
eucaliptos pueden tolerar eventos aislados de defoliacion del 40 o 50% (Eyles et al.
2009a; Quentin et al. 2011), estudios realizados en E. marginata, E. regnans y E.
globulus han demostrado que defoliaciones repetidas tienen mayor efecto sobre el
crecimiento que eventos aislados de defoliacién (Candy et al. 1992; Abbott et al. 1993;
Collett y Neumann 2002; Wills et al. 2004). Es probable entonces, que la recuperacion
de los arboles afectados haya comenzado mas rapidamente en el primer ensayo y por lo

tanto hayan tolerado un mayor nivel de dafo que los arboles del segundo ensayo.
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Bajo las mismas condiciones, el nivel de defoliacion que representa el umbral de dafio
por MLD fue del 20% en E. globulus y del 30% en E. maidenii (IV). La mayor tolerancia a
la defoliacién demostrada por E. maidenii podria estar explicada por diversos factores,
como por ejemplo una mayor eficiencia en la tasa de fotosintesis del follaje remanente
0 una mayor capacidad para producir nuevas hojas. Dado que E. maidenii no es una
especie muy utilizada en plantaciones comerciales, practicamente no existen estudios a
nivel mundial sobre esta especie que permitan entender las causas de su mayor

tolerancia a la enfermedad.

Pérdida de crecimiento en Eucalyptus globulus y E. maidenii (1 & IV)

En el primer ensayo los arboles de E. globulus mas afectados por MLD sufrieron una
defoliaciéon de 80% (I), mientras que en la primera evaluacién de dafio realizada en el
segundo ensayo el nivel mas alto de defoliacion fue de 60% (IV). Con estos niveles de
dafio seria dable esperar un mayor impacto de la enfermedad en el primer ensayo. Sin
embargo, las pérdidas de crecimiento en didmetro es decir, la diferencia de crecimiento
entre los arboles mas dafiados y los arboles sanos, fue de 33% en el primer ensayo (I) y
de 44% en el segundo ensayo (IV). Esta aparente contradiccién probablemente esté
explicada por las caracteristicas de la infeccion. Como se mencion6 anteriormente, el
segundo ensayo sufri6 varias infecciones sucesivas, incrementdndose marcadamente el
nivel de defoliacién en los meses siguientes a la primera evaluacién de dafio, lo cual no
ocurrié en el primer ensayo. Por otra parte, en el primer ensayo el efecto de la
defoliacion sobre el crecimiento se evalud por primera vez a los dos afios de ocurrida la
epidemia, mientras que en el segundo ensayo se evalud al afio del inicio de la epidemia.
Por lo tanto, es muy factible que en el segundo ensayo el efecto perjudicial de la
defoliacion sobre el crecimiento atin no se hubiese manifestado en su totalidad. Los
resultados obtenidos por Smith (2006), quien no observé pérdidas de crecimiento
provocadas por MLD en E. globulus hasta los 14 meses después de ocurrido el dafio,

parecen respaldar esta hipotesis.

En las condiciones del segundo ensayo, los arboles de E. maidenii que fueron mas
afectados por la enfermedad registraron una pérdida de crecimiento en diametro de
32%, mientras que la pérdida de crecimiento en E. globulus fue de 44% (IV). Podria
pensarse que esta diferencia estuviese dada por una mayor tolerancia de E. maidenii;
sin embargo, es muy probable que se explique simplemente por los niveles maximos de

defoliacion registrados en ambas especies: 40% en E. maidenii y 60% en E. globulus. En

24



otras palabras, en E. globulus el nivel de dafio foliar provocado por MLD fue mayor que

en E. maidenii, lo que se tradujo en una mayor pérdida de crecimiento.

En el primer ensayo, la pérdida de crecimiento en didmetro de los arboles que sufrieron
una defoliaciéon del 80% fue de 44% a los dos afios y de 20% a los 7 afios (I). Estos
resultados indican que en E. globulus las pérdidas de crecimiento provocadas por la
enfermedad se atendan con el tiempo, lo cual concuerda con los resultados obtenidos
en E. nitens por Rapley et al. (2009), quienes reportaron que defoliaciones de hasta
50% generaron una reduccidn significativa del crecimiento a los 24 meses pero no a los
75 meses. Estimaciones realizadas por Wardlaw (2004) para E. globulus, establecen
que pérdidas de follaje de 88% generan al final de la rotacion, una pérdida en didmetro
equivalente a 1.5 afios de crecimiento. Estas estimaciones son muy similares a las
pérdidas obtenidas en el primer ensayo de esta tesis, ya que si la pérdida del 20% en
didmetro a los 7 afios se mantiene hasta los 9 afios (edad de cosecha para celulosa en

Uruguay) equivaldria a una pérdida de 2 afios de crecimiento.

Mortalidad en Eucalyptus globulus y E. maidenii (1 & IV)

La pérdida de follaje en los niveles mas altos de dafio por MLD también afectd
significativamente la supervivencia posterior de E. globulus (I y IV). En el primer
ensayo, la mortalidad de los arboles que no sufrieron defoliacién fue de 3% a los dos
afios de ocurrida la infeccion y de 17.5% a los 7 aiios, mientras que los arboles que
sufrieron una defoliacién del 80% registraron una mortalidad del 54% a los dos afios y
una mortalidad acumulada al afio 7 del 74% (I). En el segundo ensayo, la mortalidad al
afio de iniciada la infeccion registrada en los arboles de E. globulus méas afectados por T.
nubilosa (defoliacidn del 50 y 60%) fue significativamente mayor que la de los arboles
levemente afectados. En este mismo ensayo, el dafio provocado por T. nubilosa no
afect6 la supervivencia en E. maidenii, probablemente porque en esta especie los

niveles mas altos de dafio no superaron el 40% de defoliacion (IV).

Existen muy escasos antecedentes en eucaliptos que reporten efectos significativos de
la defoliacién sobre la supervivencia: Jordan et al. (2002) en E. globulus con defoliacién
por insectos; Wilkinson y Neilsen (1995) en E. nitens y E. regnans y Candy et al. (1992)
en E. regnans, en ambos casos con defoliacién artificial. Si bien en los ensayos
analizados en esta tesis no es posible atribuir directamente la muerte de arboles a MLD,

de acuerdo a Carnegie et al. (1994), la reducciéon del crecimiento en los arboles
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afectados los deja en desventaja para competir con sus vecinos y aumenta la

susceptibilidad tanto a otros patégenos como a factores abiéticos adversos.

Importancia del cambio de follaje en Eucalyptus globulus (1V)

Los efectos de la proporcion de follaje adulto al momento de iniciada la infeccion de
MLD, tanto directamente sobre el nivel de dafio, como indirectamente sobre el
crecimiento y la supervivencia, quedan de manifiesto en los resultados del segundo
ensayo. Los arboles de E. globulus que al momento de iniciarse la infecciéon de T.
nubilosa tenfan al menos 30% de follaje adulto registraron una defoliacion
significativamente menor que los arboles que solamente tenian follaje juvenil (IV). A su
vez, los arboles que al momento de iniciada la infeccién ya habian comenzado a
cambiar el follaje tuvieron mayor crecimiento y registraron menor mortalidad que
aquellos que solamente presentaban follaje juvenil (IV). Cuando comenz6 la infeccién
casi todos los arboles de E. maidenii solo tenian follaje juvenil, por lo cual no fue posible
analizar el efecto del follaje adulto en el comportamiento posterior de esta especie. Sin
embargo, en el caso de E. globulus, en el cual el follaje juvenil es muy susceptible a T.
nubilosa, los resultados obtenidos demuestran que la precocidad en el cambio de follaje

es determinante en el comportamiento de los arboles frente a la enfermedad.

Seleccion de genotipos de buen comportamiento frente a MLD

El mejoramiento genético como herramienta para aumentar la resistencia a
enfermedades en especies forestales es ampliamente utilizado a nivel mundial (Zobel y
Talbert 1984; Eldridge et al. 1994). Si bien pueden utilizarse diferentes estrategias para
obtener material de propagacién resistente a enfermedades, como la eleccién de la
especie y fuente de semilla, la seleccién y clonacién de individuos resistentes o los
cruzamientos controlados entre genotipos resistentes, en todos los casos el éxito estara
determinado por la variabilidad genética existente para resistencia a la enfermedad. En
el caso de MLD en eucaliptos, enfermedad que principalmente afecta arboles jévenes ya
que el follaje adulto es bastante resistente (Crous 1998), existen dos estrategias
posibles para obtener genotipos de buen comportamiento: seleccionar por resistencia
del follaje juvenil y seleccionar por precocidad en el cambio de follaje (Milgate et al.
2005). En la presente tesis se encontrd variacion genética para ambas caracteristicas a

varios niveles: diferencias entre especies (III y IV), entre fuentes de semilla (II), entre
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procedencias (II) y entre familias (II y III), lo que sugiere que es posible seleccionar

materiales de propagacién que presenten buen comportamiento frente a MLD.

Comportamiento de Eucalyptus globulus y E. maidenii frente a Teratosphaeria
nubilosa (111 y IV)

Teratosphaeria nubilosa es considerada como una de las especies de MLD mas
destructivas a nivel mundial (Mohammed et al. 2003; Hunter et al. 2009) y es sin duda
la principal limitante productiva para E. globulus y E. maidenii en Uruguay (Balmelli et
al. 2011). En el segundo ensayo analizado en esta tesis la enfermedad tuvo una
incidencia del 100% en ambas especies (III y IV), lo cual, teniendo en cuenta el amplio
pool genético evaluado, evidencia la gravedad del problema. Existen solo dos
antecedentes que comparan la resistencia a MLD entre estas especies, Carnegie et al.
(1994) en Australia y Hood et al. (2002) en Nueva Zelanda, y ambos demuestran que E.
globulus es més susceptible que E. maidenii. Los resultados obtenidos en el presente
estudio confirman que el follaje juvenil de E. globulus es significativamente mas
susceptible a la enfermedad que el de E. maidenii, diferencia que se acentia a medida
que aumenta la severidad de la infeccién. Por el contrario, en E. globulus el cambio de
follaje comienza significativamente mas temprano que en E. maidenii (III y IV), lo que

determina un menor periodo de susceptibilidad a la enfermedad.

De acuerdo a Smith et al. (2007), la mayor resistencia a MLD que presenta E. nitens
respecto a E. globulus esta determinada por la presencia de parénquima en empalizada
en ambas caras de la hoja (y solamente en la cara inferior en E. globulus) y a la eficiente
formacién de peridermis necrofilactica luego de la infeccién, lo cual restringe la
propagacion intracelular del patégeno. Si bien en E. globulus y E. maidenii la diferencia
en la susceptibilidad del follaje juvenil podria estar explicada por diversas
caracteristicas de las hojas, como espesor de la cuticula, tamafio y densidad de estomas,
tipo y densidad del parénquima o concentraciéon de metabolitos secundarios (Eyles et
al. 2013), no existen estudios de anatomia foliar en E. maidenii que permitan
determinarlo. Independientemente de las causas que lo expliquen, la mayor resistencia
a MLD en E. maidenii podria deberse a una mayor adaptacion a la enfermedad. La zona
de ocurrencia natural de E. maidenii presenta veranos mas calidos y humedos que la de
E. globulus (Jordan et al. 1993), condiciones que generan una mayor presion de indculo,
lo que podria haber inducido el desarrollo de mayor resistencia a través de un proceso

mas intenso de seleccién natural (Carnegie et al. 1994; Hood et al. 2002).
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Comportamiento de diferentes procedencias de Eucalyptus globulus frente a MLD
(I

El rea de distribucién natural de E. globulus incluye buena parte de Tasmania, las islas
del estrecho de Bass y el Sur del estado de Victoria (Australia). Dicha zona cubre un
rango latitudinal que va desde los 38226°S hasta los 43230°S y un rango de altitud que
va desde el nivel del mar hasta los 500 m, lo que genera diferencias climaticas, tanto en
temperaturas como en precipitaciones, las cuales varian entre los 500 y los 1500 mm
anuales (Jordan et al. 1994). De hecho, se han reportado importantes diferencias entre
procedencias para varias caracteristicas productivas, incluida la resistencia a MLD

(Carnegie et al. 1994; Hamilton et al. 2013).

En la presente tesis el nivel de dafio por MLD de las procedencias australianas de E.
globulus fue menor que el de las procedencias locales. A su vez, se encontraron
diferencias significativas entre las procedencias australianas, tanto en la resistencia del
follaje juvenil como en la precocidad del cambio de follaje (II). De acuerdo a Hamilton
etal. (2013), en E. globulus existe una variacion latitudinal en resistencia a MLD, siendo
las procedencias mas resistentes las ubicadas mas al norte del area de distribucion de
la especie. A su vez, Jordan et al. (2000) y Hamilton et al. (2011), reportan que las
procedencias de Victoria cambian el follaje mas tempranamente que las procedencias
de Tasmania. Estos antecedentes y los resultados obtenidos en esta tesis demuestran
que la utilizacién en plantaciones comerciales de procedencias de Victoria, como
Otways SF & Yuulong o Norte de Yarram, podrian reducir los dafios por MLD en
Uruguay. A su vez, su utilizacion como fuente de germoplasma en programas de
mejoramiento contribuiria a mejorar el comportamiento de E. globulus frente a la

enfermedad.

Control genético de la resistencia del follaje juvenil a MLD y de la precocidad del
cambio de follaje en Eucalyptus globulus (11 & III)

Tanto la susceptibilidad a MLD como la precocidad del cambio de follaje en E. globulus
presentaron heredabilidades significativas, con valores moderados para defoliacion
(entre 0.24 y 0.43) y altos para proporcién de follaje adulto (entre 0.41 y 0.64) (Il y III).
Estos valores de heredabilidad estan dentro del rango de valores para resistencia a
MLD en E. globulus (0.12 a 0.48) reportados por Reinoso (1992), Dungey et al. (1997),
Carnegie y Ades (2005), Milgate et al. (2005), Hamilton et al. (2013) y Costa e Silva et

28



al. (2013) y dentro del rango de valores para precocidad del cambio de follaje en E.
globulus (0.43 a 0.74) reportados por Jordan et al. (1999), Lopez et al. (2002) y
Hamilton et al. (2011). Los dos ultimos trabajos mencionados también demuestran que
la interaccién genotipo-ambiente del cambio de follaje en E. globulus es muy baja, lo
que confirma el alto control genético que presenta esta caracteristica. Estos
antecedentes y los resultados obtenidos en esta tesis sugieren que si bien es posible
obtener una aceptable respuesta a la selecciéon por resistencia a MLD, la ganancia
genética serd mayor si se selecciona por precocidad en el cambio de follaje. A su vez, la
seleccidon por esta caracteristica tiene la ventaja de que la misma puede efectuarse
independientemente de las condiciones ambientales y de la presencia del patogeno. De
todas formas, la alta correlacién genética entre defoliacion y proporcién de follaje
adulto (-0.71) (III), indica que la seleccidon por una de estas caracteristicas tendra un

efecto indirecto deseable sobre la otra.

En los ensayos analizados en esta tesis existié una correlacion genética negativa entre
la defoliacién y el crecimiento posterior y una correlacidon positiva entre el porcentaje
de follaje adulto y el crecimiento posterior. A su vez, la supervivencia se correlaciond en
forma negativa con la defoliacién y en forma positiva con el porcentaje de follaje adulto.
Si bien en general dichas correlaciones fueron bajas a moderadas (variando entre -0.45
y 0.49) (II y III), demuestran que tanto el crecimiento como la supervivencia estan
genéticamente relacionadas a la susceptibilidad del follaje juvenil y a la proporcién de
follaje adulto. Esto sugiere que la seleccién por resistencia del follaje juvenil y/o por
precocidad en el cambio de follaje, tendra un efecto positivo sobre la productividad. De
hecho, las ganancias genéticas esperadas mediante la transformacién de la prueba de
progenies en un huerto semillero demuestran que la selecciéon por baja defoliacién o
por alta proporcion de follaje adulto permitiria obtener incrementos en volumen al afio

9 de entre 2.2 y 6.0% e incrementos en supervivencia de entre 18.5 y 24.9% (II).

Sin embargo, la pobre producciéon de semilla que presenta E. globulus en Uruguay
constituye una importante limitante para obtener material de propagacién de buen
comportamiento frente a MLD. El volumen de semilla producido por un huerto
semillero de 4 hectareas permitiria forestar aproximadamente 600 hectareas por afio,
lo cual es un pequefio porcentaje del volumen de semilla requerido para cubrir las
necesidades del pais si se pretende mantener el area ocupada por E. globulus. Una
alternativa a esta u otra estrategia de seleccién basada en la produccion de semilla

mejorada es la seleccién y clonacién de los mejores arboles de las pruebas de
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progenies. En este caso la limitante principal es la pobre capacidad de enraizamiento
que presenta E. globulus (Le Roux y Van Staden 1991; Tejedor 2007), pero tiene la
ventaja de que una vez que se identifican clones con buena capacidad de enraizamiento

estos pueden multiplicarse en forma indefinida (Le Roux y Van Staden 1991).

Control genético de la resistencia a Teratosphaeria nubilosa en Eucalyptus
maidenii (111)

En E. maidenii tanto la severidad de las manchas foliares como la defoliacién
provocadas por T. nubilosa presentaron muy escasa variacion genética aditiva, siendo
significativa solamente para defoliacion, con una heredabilidad de 0.21. Esto podria ser
una caracteristica intrinseca de la especie o estar explicado por la relativamente
estrecha base genética de la poblacidn analizada. Al momento de la primera evaluacién
solo un 3% de los arboles de E. maidenii presentaban follaje adulto, por lo cual no fue
posible analizar la variacién genética para precocidad del cambio de follaje. Tampoco
existen antecedentes bibliograficos sobre el control genético de la resistencia a MLD ni
sobre el control genético del cambio de follaje en esta especie. La pobre variabilidad
genética para resistencia del follaje juvenil y el tardio cambio a follaje adulto sugieren
que las posibilidades de obtener mejores genotipos mediante selecciéon son bastante
escasas en E. maidenii, quedando reducidas a la selecciéon y clonacién de algunos

individuos con cambio precoz de follaje.
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Conclusiones

1. En las condiciones intensivas de produccién del Uruguay, previo al ingreso de T.
nubilosa, las plantaciones de E. globulus fueron capaces de tolerar una defoliacion
por MLD de hasta el 40%. Sin embargo, una defoliaciéon de 80% en los primeros
meses del cultivo resulté en una reduccién de 20% en el crecimiento a largo

plazo y una mortalidad acumulada, al afio 7, de 74%.

2. Las procedencias australianas Isla Flinders y Norte de Yarram fueron las que
presentaron mayor resistencia en el follaje juvenil a MLD, mientras que Kennett
River y Otways SF & Yuulong fueron las que cambiaron el follaje mas temprano.
Estas procedencias podrian utilizarse como fuente de semilla para el
establecimiento de plantaciones de E. globulus en sitios en los que la enfermedad
estd presente y como fuente de germoplasma en programas de mejoramiento

genético.

3. El moderadamente alto control genético, tanto de la defoliacion como de la
proporcion de follaje adulto (heredabilidades de 0.43 y 0.41, respectivamente),
demuestra que es posible obtener materiales de propagacién de E. globulus para
sitios con riesgo de infeccion de MLD mediante la selecciéon de genotipos de

buena resistencia en el follaje juvenil y/o con cambio precoz de follaje.

4. Las ganancias genéticas esperadas mediante la transformacién de una prueba de
progenies de E. globulus en un huerto semillero son altas, variando entre 37 y
42% cuando se selecciona por baja defoliaciéon y entre 46 y 52% cuando se
selecciona por alta proporciéon de follaje adulto. A su vez, la seleccién temprana
por estas caracteristicas permitiria obtener a la edad de cosecha un leve
incremento en volumen individual (entre 2.2 y 6.0%) y una mejora importante en

la supervivencia (entre 18.5 y 24.9%).
5.  El follaje juvenil de E. globulus es mas susceptible a T. nubilosa que el de E.

maidenii, y las diferencias entre ambas especies se acentiian a medida que

aumenta la severidad de la infeccién. Por el contrario, el cambio de follaje
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comienza mas temprano en E. globulus, por lo cual el periodo de susceptibilidad a

la enfermedad es mas corto en esta especie.

El umbral de dafio por T. nubilosa en E. globulus se alcanzé con una defoliacién de
20%, mientras que en E. maidenii el crecimiento se vio afectado con una
defoliacion de al menos 30%. T. nubilosa provocé pérdidas de crecimiento al afio
de la infeccidn de hasta 44% en E. globulus y de hasta 32% en E. maidenii. La
supervivencia en E. maidenii no se vio afectada por la enfermedad, pero si en E.
globulus. Al momento de la infeccidn, la presencia de follaje adulto en E. globulus

mejora el crecimiento y reduce la mortalidad posterior.

Bajo condiciones de infeccion repetidas de T. nubilosa, el control genético de la
resistencia del follaje juvenil de E. globulus y E. maidenii es bajo (con
heredabilidades de 0.24 y 0.21, respectivamente), mientras que el inicio del
cambio de follaje en E. globulus presenta un alto control genético (heredabilidad
de 0.64). Estos resultados demuestran que tanto en E. globulus como en E.
maidenii es posible seleccionar por resistencia en el follaje juvenil, pero que en E.
globulus la respuesta a la seleccién sera mayor si se selecciona por cambio precoz

de follaje.
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ARTICULO I

RESUMEN

Pérdidas de largo plazo en crecimiento y supervivencia causadas por

enfermedades foliares en Eucalyptus globulus en Uruguay

Eucalyptus globulus es la especie forestal mas importante en Uruguay, con mas de
250.000 hectareas de plantaciones comerciales. A pesar de su alta susceptibilidad a
enfermedades, las pérdidas productivas causadas por enfermedades foliares no han
sido adecuadamente cuantificadas en este pais. Este estudio analiza los efectos del dano
foliar sobre el crecimiento y la supervivencia utilizando la informacién obtenida en una
prueba de progenies de E. globulus naturalmente infectada por manchas de
Teratosphaeria (TLD) y Roya del eucalipto (Puccinia psidii). La severidad de las
manchas foliares y la defoliacién fueron cuantificadas a los 8 meses de establecida la
plantacion y el crecimiento de los arboles y su mortalidad fueron evaluados 2, 4 y 6
afios después. El ensayo tuvo un alto nivel de dafio foliar, con una media de severidad
de manchas de 28.7% y una media de defoliacion de 37%. El mayor impacto del dafio
foliar, tanto en crecimiento como en mortalidad, ocurrié en los primeros dos afios
posteriores a la evaluacion del dafio. Durante este periodo, una severidad de manchas
menor al 40% y una defoliacion por debajo del 50% no afectaron el crecimiento,
mientras que la supervivencia fue afectada cuando el dafio foliar fue del 70% o
superior. Al sexto afio tanto el crecimiento como la supervivencia fueron afectados por
dafios foliares severos (manchas o defoliaciéon del 80% o superior), con una pérdida de
hasta el 25% en diametro y una mortalidad acumulada superior al 70%. Se ha
establecido por primera vez que, bajo las condiciones intensivas de producciéon de
Uruguay, los arboles de E. globulus pueden tolerar relativamente altos niveles de
manchas foliares o defoliacion, pero que un severo dafio foliar en los primeros meses
puede causar considerables pérdidas productivas, poniendo en riesgo la viabilidad

economica de esta especie.

Palabras clave: enfermedades foliares, severidad de la enfermedad, respuesta del
crecimiento, Puccinia psidii, Teratosphaeria spp.
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ABSTRACT

Eucalyptus globulus is the most important forest species in Uruguay, with more than
250,000 ha of commercial plantations. Despite its high susceptibility to diseases,
production losses caused by foliar diseases have not been properly quantified in this
country. This study analyzes the effects of foliar damage on growth and survival using
data from a progeny test of E. globulus naturally infected by Teratosphaeria leaf disease
(TLD) and eucalypt rust (Puccinia psidii). The severity of leaf spots and defoliation were
quantified eight months after planting and tree growth and mortality were evaluated
two, four and six years later. The trial had a high incidence of foliar damage, with a
mean leaf spot severity of 28.7% and a mean defoliation of 37%. The greatest impact of
foliar damage, both on growth rate and mortality, occurred in the first two years after
damage was assessed. During this period, leaf spot severity less than 40% and
defoliation below 50% did not affect growth, while survival was affected when leaf
damage was 70% or greater. By the sixth year both stem growth and survival were
affected by severe foliar damage (spotting or defoliation of 80% or more), with a loss of
up to 25% in diameter and an accumulated mortality over 70%. It has been established
for the first time that under the intensive Uruguayan productive conditions, E. globulus
trees can tolerate a relatively high degree of leaf spotting or defoliation but severe
foliar damage in the first months can cause considerable production losses, putting at

risk the economical viability of this species.

Keywords: disease severity, foliar diseases, growth response, Puccinia psidii,

Teratosphaeria spp.
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INTRODUCTION

Several pathogens affect the foliage of eucalypts. Some of them, like Teratosphaeria
cryptica (=Mycosphaerella cryptica), Teratosphaeria nubilosa (=Mycosphaerella
nubilosa) and Puccinia psidii, are considered serious threats in various countries due to
the extent of damage caused in young plantations of different Eucalyptus species
(Coutinho et al. 1998; Park et al. 2000; Mohammed et al. 2003; Smith 2006; Barber et
al. 2008; Hunter et al. 2009). Various species of Mycosphaerella and Teratosphaeria
cause the diseases known as Mycosphaerella leaf disease (MLD) and Teratosphaeria
leaf disease (TLD) (Crous 1998; Crous et al. 2007; Hunter et al. 2011). These diseases
produce necrotic spots of different size, shape and colour, premature defoliation and, in
the case of severe infection, death of apical buds, twigs and branches (Park et al. 2000).
The eucalypt rust, Puccinia psidii, produces yellow pustules on new leaves, petioles and
buds, and on highly susceptible hosts it causes necrosis and deformation of the affected

tissues (Ferreira 1983).

A reduction of photosynthetic area produced by foliar diseases can cause a loss of
growth and it also predisposes the plant to other pathogens or adverse abiotic factors
(Carnegie et al. 1994). The effects of leaf diseases on growth of Eucalyptus species have
been quantified in naturally infected plantations or in controlled experiments
(Lundquist and Purnell 1987; Stone et al. 1998; Carnegie et al. 1994; Carnegie and Ades
2001). However, in most cases the impact of defoliation on tree growth of Eucalyptus
has been studied after insect damage (Jordan et al. 2002; Pinkard et al. 2006a; Rapley et
al. 2009) or by artificial defoliation tests (Abbott et al. 1993; Collett and Neumann
2002; Pinkard et al. 2006b, 2007). Some of these studies have shown that 10% leaf
damage is enough to cause loss of growth on E. globulus (Carnegie and Ades 2003;
Pinkard et al. 2006a). However, Rapley et al. (2009), found no effects on growth of E.
nitens when leaf damage was less than 60%. Growth reductions between 4% and 17%
in E. globulus have been reported with leaf damage levels of 20% (Carnegie and Ades

2003; Milgate et al. 2005; Smith 2006).

The degree of leaf damage on young eucalypts required to cause growth losses and the
magnitude of the losses are influenced by severity, pattern, timing and frequency of leaf
damage (Wills et al. 2004; Pinkard et al. 2006b). Studies on E. marginata, E. regnans
and E. globulus showed that repeated or chronic defoliations have greater effects on

tree growth than an isolated defoliation event (Candy et al. 1992; Abbott et al. 1993;

49



Collett and Neumann 2002; Wills et al. 2004). Growth losses caused by leaf damage are
also related to tree age, site quality and nutritional status (Pinkard and Beadle 1998;
Smith 2006). The long term growth response to defoliation has been classified as Type
1, when there is an initial decline in tree growth and a subsequent recovery of the
growth rate of a healthy tree, and Type 2, when the reduction of growth rate is
permanent (Snowdon 2002). According to Smith (2006), growth rate of E. globulus
damaged by Mycosphaerella spp. follows a Type 1 response with less than 80% foliar

damage and a Type 2 response when damage is above that degree of damage.

There are currently more than 500,000 hectares of commercial plantations of
Eucalyptus in Uruguay, with E. globulus the most planted species, covering
approximately 250,000 hectares (Petraglia and Dell'Acqua 2006). Susceptibility to
diseases is the major productive limitation of this species and this has restricted its
planting to more suitable areas in the southeast region (Balmelli et al. 2004). The
presence of various species of Mycosphaerella and Teratosphaeria affecting eucalypts,
including M. marksii, M. walkeri, M. vespa, M. aurantia, M. heimii, M. lateralis, M.
scytalidii, T. suberosa, T. ohnowa and T. pluritubularis has been reported in Uruguay
(Wingfield 1999; Balmelli et al. 2004; Pérez et al. 2009a). Similarly, eucalypt rust (P.
psidii) also affects these trees in the country (Telechea et al. 2003). However, it was
only since 2007, when T. nubilosa was first recorded (Pérez et al. 2009b), that
significant damage began to appear in first and second year E. globulus plantations.
Systematic surveys conducted since 2008 in E. globulus plantations in Uruguay have
shown that foliar diseases, mainly due to T. nubilosa, are widely distributed in the
country and are causing high degree of defoliation (Balmelli et al. 2009a; Pérez et al.
2009b; Simeto et al. 2010). Despite the economic importance of E. globulus in Uruguay,
its susceptibility to various diseases and the severity of damage recorded in
commercial plantations, the production losses caused by foliar diseases have not been
adequately quantified. On the other hand, as most studies that analyze the impact of the
loss of foliage are based on defoliation by insects or by artificial defoliation, there is a
relatively small body of literature quantifying impacts of leaf diseases on eucalypt
growth. The present work was performed on a field trial of E. globulus in southeastern
Uruguay naturally infected by TLD and eucalypt rust (Puccinia psidii). To better
understand the long term effects of foliar diseases and the need to implement control

strategies, the objectives of the study were: a) to establish a threshold of damage for
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both leaf spotting and defoliation and b) to quantify tree growth and survival losses

over a period of six years.

MATERIALS AND METHODS

Study site and population assessed

Data were obtained from a progeny test of E. globulus established in September 2002 in
Rocha (Lat. 34°10'19.65"S; Long. 54°2'4.27"0; Alt.170 m) by the National Institute of
Agricultural Research in Uruguay (INIA). The trial was established on a loamy sandy
soil, which had been previously used for animal production on natural pastures. Soil
preparation consisted of: herbicide application (glyphosate, 3 L/ha), tillage made in
bands and pre-planting herbicide application (glyphosate, 2.25 L/ha). Fertilizer (140
g/plant 16:27:2 N:P:K + microelements) and herbicide (Goal + Arnes: 1.5 + 1.5 L/ha on
1.4 m wide planted band) were applied immediately after planting. Trees were planted
at a spacing of 3.65 m x 2.0 m (1370 stems/ha). In the following autumn, glyphosate
was applied (3 L/ha) beneath the trees, with a low volume applicator (Micromax).
Grass control was subsequently performed by cattle grazing. The genetic material
consisted of 230 open pollination families of different seed sources (INIA’s breeding
population, local selections and introductions from Australia and Chile). The
experimental design for the trial was a randomized complete block with single-tree
plots and 24 replications. In this way, each block had 230 plants and the full test
originally had 5520 plants occupying an area of 4.0 ha.

Disease assessment and growth measurements

In May 2003 (8 months after planting) the severity of symptoms caused by TLD and by
eucalypt rust was assessed. The degree of damage was quantified on each tree, using
two parameters: ) severity of leaf spots (percentage of leaf area affected) and II)
defoliation (percentage of leaves prematurely abscised). The evaluations were carried
out for the whole crown, using visual scales adapted from Lundquist and Purnell
(1987) and from Carnegie et al. (1994). For both, severity of leaf spots and defoliation,
trees were categorized according to disease classes of 0, 10, 20, 30, 40, 50, 60, 70 and
80% or more. Although rust symptoms are different to those of TLD, the severity of
spotting was jointly assessed because it was not possible to separate both symptoms
accurately. On the other hand, as eucalypt rust does not produce leaf fall, defoliation

relates only to the damage caused by TLD (Coutinho et al. 1998). A second inspection
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undertaken during foliar change, at 20 months after planting, revealed that in the
meantime there were no new outbreaks of disease. The total height of all trees was
measured in May 2003 (together with damage evaluation) and again in May 2005 (2
years after damage assessment). Thereafter, growth was assessed by measuring
diameter at breast height in May 2005, June 2007 and June 2009 (2, 4 and 6 years after
damage assessment, respectively). After each measurement of tree growth, percentage
of survival (number of living trees divided by number of trees originally planted) was

calculated.

Data analyses

The effects of foliar damage on growth and mortality were analyzed at the phenotypic
level, considering the population as a genetically heterogeneous unit. Tree heights and
diameters at each measurement date were used to calculate the growth rate from the
time when disease assessment was performed. Height increment was calculated for the
first 2 years and diameter increments were calculated for two different periods: from 2
to 4 years and from 4 to 6 years after damage assessment. The number of plants
surviving at each measurement date was used to calculate the mortality between

measurements and the cumulative mortality.

Normality of the data set was tested using Normal Probability Plots, which showed no
important departures from normality, and homogeneity of variance was tested by
predicted versus residual plots, which showed constant error variance. Analysis of
variance (ANOVA) were carried out to test the effect of foliar damage (spot severity and
defoliation scores) on growth traits (mean tree height and diameter and mean height
and diameter increments) and on mean mortality between consecutive measurements.
Undamaged trees, i.e. trees in disease class 0, were considered as disease free controls.
Multiple mean comparisons were made with the Tukey-Kramer test. A threshold model
was used to describe the relationship between foliar damage (spot severity and
defoliation) at 8 months and tree diameter 6 years after damage. Statistical analyses

were performed using the GLM and REG procedures in SAS (SAS Institute 1997).

RESULTS

Effects of foliar damage on growth
The trial had a very high incidence of leaf disease at the time of damage assessment, 8

months after planting. Of the total trees, 88.2% showed some leaf spots and 94.4% had

52



some defoliation. The mean spot severity for all trees in the trial was 28.7% and the
mean defoliation was 37%. However, the damage was highly variable and ranged from
trees with no damage to trees with the foliage almost completely spotted or shed
(Table 1).

Table 1. Number of trees of Eucalyptus globulus with each level of damage (spot
severity and defoliation), caused by foliar diseases at 8 months of age, in a trial installed
in 2002 in Rocha, Uruguay.

Disease class

Disease class spot  No of trees N° of trees
severity (%) defoliation (%)

0 536 0 254
10 614 10 230
20 1320 20 708
30 511 30 393
40 748 40 1919
50 201 50 320
60 341 60 489
70 75 70 58

80+ 204 80+ 179

Total 4550 4550

Spot severity. Significant differences between spot severity classes were found for tree
heights and diameters in all evaluations. For the growth increments, significant
differences were found in all periods except for diameter increments at the last
evaluation period (4 to 6 years after damage assessment) (Table 2). At the time of foliar
damage assessment, the mean tree height of undamaged trees (0% spot severity) did
not differ significantly from that of trees with leaf spotting class equal or less than
70%, but heavily spotted trees (at least 80% spot severity) had a mean height
significantly lower than undamaged trees. Tree measurements taken 2 and 4 years
after damage assessment showed that trees within spot severity classes of 40% to 80%
were significantly shorter and had a significantly smaller diameter than trees of lower
leaf spotting classes. At the final growth evaluation (6 years after damage) the mean
diameter of trees in spotting classes of 50% and above was significantly smaller than

that of undamaged or lightly damaged trees.

Tree height increment during the first 2 years after damage assessment was affected by
leaf disease. Undamaged and lightly damaged trees (up to 30% leaf spots class) had

similar height increments, being significantly greater than those on trees with more
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severe damage. Between 2 and 4 years after damage was assessed, diameter
increments of undamaged or lightly damaged trees only differed significantly from
those recorded in the more severely damaged trees (leaf spot class of 80% or higher).
At the last evaluation period (4 to 6 years after damage), growth rate was not

significantly affected by foliar damage.

Table 2. Comparisons between spot severity classes (0 to 80%) of E. globulus trees for
mean * SE tree height at damage assessment and 2 years after damage assessment
(a.d.a.), mean * SE tree diameter (2, 4 and 6 years a.d.a.), mean * SE height increment
(first 2 years a.d.a.) and mean # SE diameter increment (2 to 4 and 4 to 6 years a.d.a.).

Height Diameter Diameter

Spot Height (m) Height Diameter Diameter Diameter . . .
increment increment increment

severity At damage (m) (cm) (cm) (cm) (m) first2 (cm)2to  (cm) 4 to
class (%) assessment 2 years 2 years 4 years 6 years
years 4 years 6 years
a.d.a. a.d.a. a.d.a. a.d.a.

a.d.a. a.d.a. a.d.a.

0 2.53abc 9.88a 11.53a 16.02a 18.04a 7.31a 4.28ab 1.71a
+0.06 +0.09 +0.18 +0.19 +0.22 +0.05 +0.08 +0.07

10 2.55ab 9.79a 11.38a 16.00a 17.97a 7.20a 4.31ab 1.68a
+0.06 +0.09 +0.19 +0.17 +0.19 +0.07 +0.09 +0.06

20 2.51abc 9.80a 11.28a 15.92a 17.97a 7.24a 4.49a 1.74a
+0.05 +0.06 +0.13 +0.11 +0.12 +0.03 +0.08 +0.04

30 2.59a 9.86a 11.38a 16.00a 18.11a 7.23a 4.46ab 1.76a
+0.04 +0.06 +0.12 +0.11 +0.15 +0.05 +0.12 +0.06

40 2.47bc 9.51b 10.67b 15.35b 17.55ab 6.98b 4.39ab 1.75a
+0.05 +0.07 +0.15 +0.17 +0.18 +0.04 +0.09 +0.06

50 2.49abc 9.37bc 10.36b 14.73bc 16.59bc 6.78bc 4.11abc 1.49a
+0.06 +0.14 +0.25 +0.30 +0.36 +0.10 +0.17 +0.09

60 2.40c 9.01cd 9.60c 14.16cd 16.30cd 6.54cd 4.11bc 1.70a
+0.05 £0.11 +0.20 +0.35 +0.44 +0.10 +0.15 +0.10

70 2.33bc 8.55d 8.69c 13.10de 14.71de 6.10d 4.14abc 1.45a
+0.06 +0.13 +0.22 +0.38 +0.49 +0.13 +0.22 +0.15

80+ 2.01d 7.67e 7.27d 11.57e 13.50e 5.37e 3.45c¢ 1.34a
+0.05 +0.20 +0.28 +0.39 +0.43 +0.17 +0.21 +0.10

The means within each column designated by different letters are significantly different
(P<0.05). SE = standard error (n=24).

Growth curves of average diameter of trees with different severities of leaf spotting
were divergent until the third year (2 years after damage) and thereafter were
approximately parallel (Figure 1). Therefore, following an initial detrimental effect of
leaf spots, the growth rate of trees with different severities of leaf spotting was similar.

Although the impact of leaf spots on growth decreased over time, the cumulative loss of
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diameter of severely spotted trees (leaf spot class of 80% or higher), expressed as

percentage of diameter of undamaged trees, was 25.2% after 6 years.
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Figure 1. Mean diameter (+SE) of E. globulus trees with different severity of leaf
spotting (classes 0 to 80%) caused by foliar diseases, at 2, 4 and 6 years after damage
assessment.

Defoliation. The premature fall of affected leaves also had a detrimental effect on
growth, with significant differences between defoliation classes for all growth traits
(mean tree height at damage assessment and 2 years later, mean diameter at 2, 4 and 6
years after damage) and for all growth rate traits (height increment on the first 2 years
after damage and diameter increment from 2 to 4 and from 4 to 6 years after damage)
(Table 3). Initial growth was affected in those trees which suffered heavy defoliation.
At the time of damage assessment, mean tree height of heavily defoliated trees
(defoliation of 80% or more) differed significantly to the height of trees with lower
levels of defoliation or without defoliation. At 2, 4 and 6 years after damage assessment,
trees that suffered a defoliation of 50% or more were significantly shorter and had

smaller diameters than undefoliated or lightly defoliated trees.

During the first 2 years after damage assessment, the height increment was
significantly affected when the defoliation class was equal to or greater than 50%. From
2 to 4 years after damage, diameter increments only were significantly reduced in trees
that were 60% defoliated. On the last evaluation period (from 4 to 6 years after damage
assessment) diameter increments of undamaged trees significantly differed from trees

that presented 60 and 70% defoliation.
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Table 3. Comparisons between defoliation classes (0 to 80%) of E. globulus trees for
mean * SE height at damage assessment and 2 years after damage assessment (a.d.a.),
mean * SE tree diameter (2, 4 and 6 years a.d.a.), mean * SE height increment (first 2
years a.d.a.) and mean * SE diameter increment (2 to 4 and 4 to 6 years a.d.a.).

Height Diameter Diameter
increment increment increment
(m)first2 (cm)2to (cm)4to

Height Diameter Diameter Diameter

(m) (cm) (cm) (cm)

Defoliation Height (m)
class (%) atdamage

assessment 2 years 2 years 4 years 6 years years 4 years 6 years
a.d.a. a.d.a. a.d.a. ad.a.

a.d.a. a.d.a. ad.a.

0 2.53bcd 9.90ab 11.56ab 16.19ab 18.42a 7.34ab 4.38a 1.81a
+0.07 +0.13 +0.24 +0.20 +0.24 +0.09 +0.13 +0.10

10 2.70ab 9.89ab 11.64a 16.07ab 18.15ab 7.19ab 4.10a 1.67ab
+0.05 +0.13 +0.26 +0.32 +0.43 +0.10 +0.15 +0.11

20 2.60abc 9.91a 11.62a 16.14ab 18.22a 7.27ab 4.28a 1.71ab
+0.05 +0.09 +0.19 +0.19 +0.22 +0.05 +0.09 +0.08

30 2.63bcd 10.07a 11.89a 16.36a 18.42a 7.38a 4.39a 1.82a
+0.04 +0.07 +0.15 +0.18 +0.23 +0.05 +0.13 +0.08

40 2.47d 9.69b 11.02b 15.68bc 17.74ab 7.15b 4.45a 1.74ab
+0.04 +0.04 +0.09 +0.09 +0.09 +0.03 +0.06 +0.04

50 2.52bcd 9.39¢ 10.37c 15.05c¢ 17.10b 6.82c 4.48a 1.67ab
+0.05 +0.11 +0.20 +0.33 +0.40 +0.09 +0.19 +0.11

60 2.32e 8.80d 9.23d 13.77d 15.79¢ 6.41d 4.10b 1.51bc
+0.05 +0.12 +0.19 +0.32 +0.26 +0.12 +0.18 +0.09
70 2.36cde 8.79cd 9.04de 13.06d 14.39c 6.28cde 3.89ab 1.18c
+0.09 +0.14 +0.25 +0.49 +0.47 +0.17 +0.31 +0.11

80+ 1.96f 7.90e 7.69¢ 12.65d 14.65c 5.66e 4.18a 1.51abc
+0.05 +0.22 +0.28 +0.42 +0.54 +0.20 +0.27 +0.14

The means within each column designated by different letters are significantly different
(P<0.05). SE = standard error (n=24).

The impact of early defoliation on subsequent tree growth declined with time. Growth
curves of average diameter of trees in high defoliation classes diverged from the curves
of those with low or no defoliation for the first two years but thereafter remained
approximately parallel (Figure 2). Even so, the accumulated reduction in diameter of
trees severely defoliated (70 or 80% defoliation), expressed as percentage of diameter

of undamaged trees, reached 20.0% after six years.
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Figure 2. Mean diameter (+SE) of E. globulus trees with different severity of defoliation

(classes 0 to 80%) caused by foliar diseases, at 2, 4 and 6 years after damage
assessment.

Spot severity and defoliation. A negative correlation was observed between severity of
leaf spots at 8 months and tree diameter 6 years after damage (r = -0.175; p<0.001) and
between defoliation at 8 months and tree diameter 6 years after damage (r = -0.190;
p<0.001). The threshold model revealed that at the last growth evaluation (6 years
after damage assessment) an average diameter of 17.7 cm was maintained up until
40% of foliar damage (spot severity and defoliation) (Figure 3). When foliar damage
exceeded 40% a negative relationship was observed, with a reduction of diameter of
0.88 cm with each 10% increase in spot severity and a reduction of 0.90 cm with each

10% increase in defoliation (Figure 3).
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Figure 3. Threshold model fitted between severity of leaf spots (left) and defoliation
(right) and tree diameter of E. globulus six years after damage assessment.
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Effects of foliar damage on mortality

Spot severity. Leaf disease at 8 months after planting significantly affected average
mortality in all subsequent assessed periods (Table 4). In the first 2 years after damage,
the trees in 0% severity class had on average a mortality rate of 4.2%. Mortality values
were similar up to 60% of spot severity class and increased, significantly differing, in
trees in higher spotting classes (70 and 80%). From 2 to 4 years and from 4 to 6 years
after damage, mortality was significantly higher only on the more severely damaged
trees (leaf spot class of 80% or more). Trees with that class of damage had, at the final
evaluation (6 years after damage assessment), an accumulated mortality of 71.7%,
being significantly higher than the mortality of undamaged or lightly damaged trees
(Figure 4).

Table 4. Comparisons between classes of spot severity (0 to 80%) of E. globulus trees
for mortality + SE on the first 2 years, from 2 to 4 years and from 4 to 6 years after
damage assessment and for accumulated mortality * SE at six years after damage.

Spot severity Mortality (%) Mortality (%) Mortality (%) Mortality (%)

class first 2 years 2 to 4 years 4 to 6 years 6 years

(%) after damage  after damage after damage after damage
0 4.2a+1.37 6.5a+1.29 4.2a+0.87 14.2a+1.91
10 5.4a+1.35 6.9a+1.14 4.1a+1.04 15.4a+2.18
20 6.0a £ 0.84 4.8a+0.58 5.3a+0.58 15.2a+1.03
30 3.5a+1.07 5.1a+1.02 7.4a+1.10 15.2a+1.58
40 7.7ab + 1.31 6.4a+1.06 6.9a+0.98 19.6ab * 1.65
50 12.3ab £ 2.72 8.8a+2.79 6.6a+1.78 25.8ab+3.22
60 11.5ab + 2.25 9.8a+2.11 103a+1.94 28.4b=+2.84
70 19.8b £ 5.60 4.6a+2.05 33a+2.37 25.6ab+5.61

80+ 49.8c + 4.97 31.2b+5.63 22.6b+5.23 71.7c+13.99

The means within each column designated by different letters are significantly different
(P<0.05). SE = standard error (n=24).
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Figure 4. Average mortality (*SE) of E. globulus trees with different severity of leaf
spotting (classes 0 to 80%) caused by foliar diseases, accumulated at 2, 4 and 6 years
after damage assessment.

Defoliation. Significant differences in average mortality between defoliation classes
were found in the first 2 years, and from 2 to 4 years after damage assessment, but not
in the last period of evaluation (from 4 to 6 years after damage) (Table 5). In the first 2
years, mortality of trees without defoliation did not significantly differ from mortality
of trees in defoliation classes up to 60%. Between 2 and 4 years after damage, trees in
the highest defoliation class (80% or more) had a mortality rate significantly higher
than trees in any other class of defoliation. At the final evaluation (6 years after
damage) accumulated mortality values for trees in defoliation classes up to 50% were
similar and increased, significantly differing, for trees in higher defoliation classes (60
to 80%). The accumulated mortality of the more severely defoliated trees (80%
defoliation class) reached 74.3%, being also significantly higher than that of trees with
60 and 70% defoliation (Figure 5).
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Figure 5. Average mortality (+SE) of E. globulus trees with different severity of
defoliation (classes 0 to 80%) caused by foliar diseases, accumulated at 2, 4 and 6 years
after damage assessment.

Table 5. Comparisons between classes of defoliation (0 to 80%) of E. globulus trees for
mortality + SE on the first 2 years, from 2 to 4 years and from 4 to 6 years after damage
assessment and for accumulated mortality * SE at six years after damage.

Defoliation Mortality (%) Mortality (%) Mortality (%) Mortality (%)

class first 2 years 2 to 4 years 4 to 6 years 6 years
(%) after damage after damage after damage after damage
0 3.0a+0.96 9.9a+4.42 55a+1.65 17.5a+4.46
10 1.6a+0.88 8.0a + 2.24 59a+151 149a+2.36
20 6.2a+2.18 5.8a+1.22 6.1a+0.75 16.7a+2.48
30 6.3a+1.47 2.2a+0.76 4.0a+147 12.0a+1.90
40 7.1a+0.66 5.7a+0.56 58a+0.60 17.5a+0.92
50 8.0a+2.44 5.0a+1.32 8.0a+1.63 19.6a+2.62
60 15.1ab+2.97 15.8a+287 13.6a+4.08 37.3b=*3.69
70 249b + 6.96 4.6a*3.40 16.1a+7.15 39.5b+8.31

80+ 545c+542 41.6b+7.33 11.2a+413 74.3c+5.50

The means within each column designated by different letters are significantly different
(P<0.05). SE = standard error (n=24).

DISCUSSION

Eucalypt rust (Puccinia psidii) and TLD were both present in the trial during the first
months; therefore, the severity of leaf spotting measured at 8 months included the
symptoms of both diseases. In contrast, as P. psidii does not cause defoliation in

eucalypts (Ferreira 1983; Coutinho et al. 1998), and because the canopies had not yet

60



closed (which can result in shading of lower leaves and subsequent leaf fall), the
defoliation recorded was only the result of TLD. The severity of the leaf spotting and
defoliation caused by these diseases were assessed when plants had been in the field
for 8 months, although symptoms had probably begun to appear some months earlier.
The fact that severely damaged trees had less growth at the time of evaluation indicates
that by that time they had already begun to express the negative effect of disease on

growth.

The greatest impact of early foliar damage (both leaf spotting and defoliation) on the
growth rate of trees occurred during the first 2 years after damage. This could be
explained by the fact that both eucalypt rust and TLD mainly affect juvenile foliage,
which in E. globulus is replaced by adult foliage between the second and third year.
While the growth rate declined in trees with a leaf spot severity of 40% or more, or
when the defoliation was 50% or more, trees that had low damage were not affected. In
this way, 30% of leaf spots or 40% of defoliation seem to be the limits of tolerance for
growth. Since defoliation implies a total loss of photosynthetic area, a greater effect on
growth, compared with the effect of leaf spots, would be expected. However, the effects
of leaf spots and defoliation on tree growth were very similar. This could be explained
by the shed of severely spotted leaves occurred after disease assessment, which could
potentially confound the results, or by a higher light entry in defoliated crowns, which
increases the rate of photosynthesis of surviving leaves and promotes bud sprouting,
thus allowing to some degree the compensation of the loss of leaf area (Pinkard et al.
2007). There are several studies that report effects on growth at degrees of damage
well below those found here. Carnegie and Ades (2003) and Pinkard et al. (2006a)
found that growth of E. globulus was affected with a foliar damage as low as 10%.
Similar results were reported by Smith (2006), also for E. globulus, and by Lundquist
and Purnell (1987) for E. nitens, who found negative effects on growth when defoliation
produced by Mycosphaerella spp. exceeded 20% and 25%, respectively. However, on
sites of high productivity, Pinkard (2003) found no growth losses in E. globulus with up
to 40% defoliation, while Rapley et al. (2009) found no effect on growth with less than

60% defoliation in E. nitens.

The impact to early foliar damage, even for spotting and defoliation of 80%, was no
permanent (Type 1 response according with Snowdon 2002) since the reduction in
growth was significant only for 2 years in the case of defoliation and for 4 years in the

case of leaf spotting. This result contrasts with those reported by Smith (2006) who
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found on E. globulus a permanent reduction of growth (Type 2 response) when foliar
damage by Mycosphaerella was 80% or higher. However, after 6 years, trees with more
than 40% of foliar damage had a reduction of approximately 0.90 cm in diameter for
each 10% increase of damage. Thus by year seven, very close to the average harvest age
of 9 years for cellulose production in Uruguay, trees that suffered severe foliar damage
(80% or greater) during the first months of growth, had an accumulated diameter
reduction of 20 to 25% compared with undamaged trees. Several authors have
reported growth losses in E. globulus of between 4 and 17% for leaf damage of only
20% (Carnegie and Ades 2003; Milgate et al. 2005; Smith 2006). The differences among
results of different studies may be related to the influence of site factors, such as the
availability of water and nutrients (Smith 2006). Pinkard (2003) suggested that the
effects of damage caused by Mycosphaerella leaf disease might be reduced on sites of
high productivity because trees have a greater opportunity to recover. Carnegie and
Ades (2001) reported lower Mycosphaerella effects on trees fertilized with phosphorus
and Pinkard et al. (2006a, 2007) observed lower effects of defoliation on trees fertilized
with nitrogen than on unfertilized trees. The trial used for this study was located on a
fertile well drained soil and received a very intensive silvicultural management,
evidenced by the high growth rates achieved. All of these factors could have

contributed to minimize the negative effects of the diseases.

In addition to the effect on growth, severe foliar damage during the first eight months
had a detrimental impact on survival, mainly in the immediate 2 years, indicating that
the first months of growth are a critical period for trees. However, Collett and Neumann
(2002) found no effect of defoliation, even up to 100%, on E. globulus survival up to 11
months post damage. In this study, mortality up to 2 years after damage was not
affected in those trees that had low severity of spots or low defoliation. However, when
either leaf spotting or defoliation exceeded 70%, mortality increased sharply, reaching
values of 50% in severely damaged trees. Thus, 60% of foliar spotting or defoliation
seems to be the threshold after which the survival of trees begins to be compromised.
Carnegie et al. (1994) suggest that the loss of leaf area leads to a reduction in growth
rate and this in turn puts the tree on disadvantage to compete with their neighbors and
it increases their susceptibility to other pathogens and/or adverse abiotic factors.
Considering the whole period of evaluation, leaf spotting affected the subsequent
survival only when the severity was 80% or more, while a defoliation of 60% was

enough to affect survival. Although the death of the trees cannot be attributed directly
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to the leaf diseases, the accumulated mortality 6 years after damage of trees with more
severe foliar damage, both leaf spots and defoliation, exceeded 70%, being four times
higher than mortality of undamaged trees. This aspect is of great importance in
Uruguay, where the productivity of E. globulus depends mainly on the number of trees

per hectare which survive until harvest (Balmelli and Resquin 2005).

In recent years in Uruguay there has been severe damage in young plantations of
Eucalyptus, caused by T. nubilosa. Although this pathogen was not present when the
assessment of damage took place in this study (its presence in Uruguay was reported in
2007, Pérez et al. 2009b), disease surveys conducted since 2008 have shown that T.
nubilosa is widely distributed in the country, causing an average foliage loss of 40% in
spring 2008 and 46% in spring 2009 in the southeast region, the area of greatest
importance for E. globulus (Balmelli et al. 2009a and Simeto et al. 2010). According to
the results obtained in the present study, E. globulus trees could withstand this degree
of leaf damage without a significant long term loss of growth. However, T. nubilosa is
currently causing a progressive increase of foliar damage throughout the year (in
autumn 2009 the average damage in the above-mentioned survey was 12%, reaching
46% in spring (Balmelli et al. 2009b and Simeto et al. 2010) and in the second year,
with 80% defoliation being common (Balmelli et al. 2011). Several authors have shown
that repeated defoliation has a greater detrimental effect on Eucalyptus growth than an
isolated defoliation event (Candy et al. 1992; Abbott et al. 1993; Collett and Neumann
2002; Wills et al. 2004). According to Landsberg and Ohmart (1989), the worst
scenario is a chronic, severe loss of functional foliage, causing the cessation of growth,
followed by crown dieback and finally tree mortality. In this study there was a single
event of damage, so our results do not allow predicting the effects caused by the
occurrence of repeated or chronic infections. However, it is very likely that the severity
and high frequency of damage events currently recording by 7. nubilosa in the first and
second year in E. globulus commercial plantations causes considerable production

losses, putting at risk the economical viability of this species.

Eucalyptus globulus used to be planted in all forestry zones of Uruguay, but during the
last years, due to the increase of the incidence and severity of diseases, the species has
been replaced by E. grandis and E. dunnii in all but the southeast region. The extent of
damage now being suffered in that region, mainly due to T. nubilosa, suggests that if
effective disease management methods are not found, in a few years the species could

no longer be planted in Uruguay. This already happened in South Africa in the 1930°s
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and more recently in high risk areas in Tasmania where E. globulus was replaced by E.
nitens (Lundquist 1987; Mohammed et al. 2003). Due to economic, environmental and
operational constraints, silvicultural options for minimizing the effects of disease
damage in eucalypt plantations are very limited. Various strategies have been
proposed, including site selection (i.e. avoid planting on high-risk sites) (Carnegie
2007), the application of fungicides (Carnegie and Ades 2003), the increase of tree
vigour and tolerance through intensive forestry or by plant defense activators (Stone
2001; Mohammed et al. 2003) or accelerating recovery of trees by remedial fertilizer
applications (Pinkard et al. 2006a, 2006b, 2007; Carnegie 2007). However, the most
economical and feasible approach to reducing diseases to an acceptable level in
eucalypt plantations is the use of resistant planting stock (Carnegie et al. 1994; Dungey
et al. 1997; Tibbits et al. 1997; Alfenas et al. 2004; Milgate et al. 2005). With the
objective of developing genotypes of E. globulus resistant to foliar diseases, INIA and a
group of forestry companies initiated a collaborative program of selection and
evaluation of clones. Thus, it is expected that deployment of disease resistant clones
will reduce the incidence and severity of foliar diseases, allowing the continuity of E.

globulus cultivation in Uruguay.
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ARTICULO II

RESUMEN

Variacion genética para resistencia a Mycosphaerella y Roya del eucalipto
en Eucalyptus globulus en Uruguay

En los tultimos cinco afios las enfermedades foliares han causado dafios devastadores
en plantaciones jovenes de Eucalyptus globulus en Uruguay. La sostenibilidad de esta
especie, la mas importante en el pais con mas de 270.000 hectareas de plantaciones
comerciales, depende del rapido desarrollo de material de propagacién resistente. La
variacion genética para la resistencia del follaje juvenil a enfermedades y para el
cambio de follaje fueron examinados en un ensayo de campo de E. globulus infectado
naturalmente por Mycosphaerella (Mycosphaerella spp. y Teratosphaeria spp.) y Roya
del eucalipto (Puccinia psidii). El material genético incluyé 226 lotes de semilla de
polinizacién abierta, de 16 procedencias de Australia, Chile y Uruguay. La severidad del
dafio de enfermedades (% de manchas foliares y % de defoliaciéon) fue evaluado a los 8
meses de edad y la precocidad del cambio de follaje (% de follaje adulto) se evalu6 a los
20 meses. El crecimiento de los arboles y su supervivencia fueron evaluados cada dos
afios hasta el noveno afio. Se encontraron deferencias significativas en severidad del
dafio y en precocidad del cambio de follaje entre paises de origen y entre procedencias.
Dentro de procedencias, los valores de heredabilidad individual en sentido estricto
para severidad de manchas foliares (0.37), defoliaciéon (0.41) y proporcién de follaje
adulto (0.40) fueron mayores que los obtenidos para crecimiento (0.19 a 0.33) y
similares a los obtenidos para sobrevivencia (0.33 a 0.45). Las correlaciones genéticas
entre severidad de la enfermedad y crecimiento fueron negativas (-0.20 a -0.44) y
fueron también negativas entre severidad de la enfermedad y sobrevivencia (-0.28 a -
0.51). Se encontraron correlaciones genéticas positivas entre precocidad del cambio de
follaje y crecimiento (0.34 a 0.41) y entre precocidad del cambio de follaje y
sobrevivencia (0.29 a 0.37). Nuestros resultados demuestran que tanto la seleccion por
resistencia a la enfermedad en el primer afo, como por alta proporcién de follaje adulto
en el segundo afio, son factibles para obtener material de propagacién para sitios con

riesgo de infeccion de Mycosphaerella y Roya del eucalipto.

Palabras clave: Resistencia, heteroblastia, procedencia, heredabilidad.
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ABSTRACT

Over the last five years foliar diseases had caused devastating damages in young
plantations of Eucalyptus globulus in Uruguay. The sustainability of this species, the
most important in the country with more than 270,000 ha of commercial plantations,
depends on the rapid development of resistant genetic stock. The genetic variation in
resistance of juvenile foliage to diseases and in the onset to adult foliage were
examined in a field trial of E. globulus naturally infected by Mycosphaerella leaf disease
(Mycosphaerella spp. and Teratosphaeria spp.) and Eucalyptus rust (Puccinia psidii). The
genetic material included 226 open pollinated seed lots from 16 provenances of
Australia, Chile and Uruguay. Disease severity (% of leaf spots and % defoliation) was
assessed 8 months after planting and precocity of phase change (% of adult foliage) at
20 months. Tree growth and survival were evaluated every two years up to the ninth
year. Differences in disease severity and in precocity of phase change were significant
among countries of origin and provenances. Within provenances, the narrow-sense
individual tree heritabilities for leaf spot severity (0.37), defoliation (0.41) and
proportion of adult foliage (0.40) were higher than those obtained for tree growth
(0.19 to 0.33) and similar to those obtained for survival (0.33 to 0.45). Genetic
correlations between disease severity and growth traits were negative (-0.20 to -0.44)
and were also negative between disease severity and survival (-0.28 to -0.51). There
were positive genetic correlations between precocity of phase change and growth traits
(0.34 to 0.41) and between precocity of phase change and survival (0.29 to 0.37). Our

results demonstrate that selection for low disease severity in the first year and for high
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proportion of adult foliage in the second year are feasible in order to obtain genetic
material for sites at risk of infection of both Mycosphaerella leaf disease and Eucalyptus

rust.

Keywords: disease resistance, heteroblastic transition, provenances, heritability.

INTRODUCTION

There are more than 630,000 hectares of commercial plantations of Eucalyptus in
Uruguay. Due to the excellent quality of its wood for pulp production, and its high
economic value, E. globulus is the most planted species, covering approximately
270,000 hectares (MGAP 2012; Petraglia and Dell'Acqua 2006). However, the high
susceptibility of E. globulus to diseases has restricted their planting to the most suitable
areas in the Southeast region of the country (Balmelli et al. 2004). Various species of
Mycosphaerella and Teratosphaeria are economically important pathogens on
commercial plantations of Eucalyptus species around the world (Barber et al. 2008;
Hunter et al. 2009; Hunter et al. 2011; Mohammed et al. 2003; Park et al. 2000). In
Uruguay M. aurantia, M. grandis, M. lateralis, M. marksii, M. scytalidii, M. walkeri,
Pallidocercospora heimii (cited as M. heimii), Pseudocercospora norchiensis, T.
gauchensis, T. molleriana (cited as M. vespa), T. nubilosa, T. ohnowa, T. pluritubularis and
T. suberosa have been reported on eucalypts (Balmelli et al. 2004; Pérez et al. 20094,
2009b; Wingfield 1999). Mycosphaerella and Teratosphaeria leaf diseases (hereafter
referred as MLD) produce necrotic leaf spots, premature defoliation and, in the case of
severe infection, death of apical buds, twigs and branches (Crous 1998; Park et al
2000). Puccinia psidii has also been reported in Uruguay causing severe leaf damage on
E. globulus (Telechea et al. 2003). P. psidii is considered a serious threat to biodiversity
in Australia and to the Eucalyptus forest industry worldwide (Carnegie et al. 2010;
Coutinho et al. 1998; Glen et al. 2007; Grgurinovic et al. 2006). It causes the disease
known as Eucalyptus rust, producing yellow pustules on new leaves, petioles and buds,
and on highly susceptible hosts it causes necrosis and deformation of the affected
tissues (Ferreira 1983). The reduction of photosynthetic area produced by foliar
diseases not only causes growth losses but also predisposes the plant to other

pathogens and adverse abiotic factors (Carnegie et al. 1994).
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Systematic surveys conducted since 2008 in young eucalypt plantations have shown
that foliar diseases are widely distributed in Uruguay and are causing severe
defoliation in E. globulus (Balmelli et al. 2009; Balmelli et al. 2011; Simeto et al. 2010).
The increase in the incidence and severity of foliar diseases suffered by E. globulus
plantations in recent years is causing its replacement by more resistant species, such as
E. grandis, E. dunnii and E. maidenii, suggesting that if an effective management strategy
for foliar diseases is not developed, in few years E. globulus could be totally abandoned
in Uruguay. Due to economic, environmental and operational constraints, silvicultural
options for minimizing the effects of diseases in eucalypt plantations are very limited.
The most economical and effective approach to reducing diseases to an acceptable level
in eucalypt plantations is by deployment of resistant planting stock (Alfenas et al. 2004;
Carnegie et al. 1994; Dungey et al. 1997; Milgate et al. 2005; Tibbits et al. 1997).

Eucalyptus globulus is one of the most susceptible species to MLD (Carnegie et al. 1998)
and is also susceptible to Eucalyptus rust (Alfenas et al. 2003; Perez et al. 2011;
Telechea et al. 2003). According to Milgate et al. (2005), there are two mechanisms to
avoid foliar damage due to diseases on E. globulus: resistance of the juvenile foliage and
early change to the adult foliage, which is more resistant to most pathogens (Park et al.
2000). There are several studies that analyze the genetic variation in E. globulus for
susceptibility to different species causing MLD (Carnegie and Ades 2005; Carnegie et al.
1994; Dungey et al. 1997; Hamilton et al 2013; Milgate et al. 2005; Reinoso 1992;
Tejedor 2007). Genetic variation for heteroblastic transition (phase change from
juvenile to adult leaves) has also been reported in E. globulus (Hamilton et al. 2011;
Jordan et al. 1999; Lopez et al. 2002; Reinoso 1992). However, as P. psidii was not
present until recently in Australia and is not yet present in other countries where E.
globulus is important (Spain, Portugal, Chile), there is extremely limited information on

genetic variation in this species for susceptibility to that pathogen.

Despite the economic importance of E. globulus in Uruguay and extent of disease
damage recorded in commercial plantations, the selection of resistant genotypes is still
pending in the country. Most of the planting stock comes from seed imported from
Australia, mainly from the Jeeralang region, which has proven to be very susceptible to
foliar diseases (Balmelli et al. 2009; Balmelli et al. 2011; Simeto et al. 2010), and from
clones not selected for disease resistance but for growth and wood quality. The present
work was performed on a progeny test of E. globulus in southeastern Uruguay naturally

infected by Eucalyptus rust and MLD. The objectives of the study were to estimate: a)
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the susceptibility to leaf diseases and the precocity of phase change of different seed
sources; b) the heritability of leaf spotting, defoliation and phase change, c) the genetic
correlation of these traits with tree growth and survival, and d) the genetic gains
expected through early selection for resistance to leaf disease and precocity of phase

change.

MATERIALS AND METHODS

Field trial and genetic material

Genetic variation in susceptibility to foliar diseases and in the onset to adult foliage was
studied on a progeny test of E. globulus established in September 2002 by the National
Institute of Agricultural Research (INIA), in Rocha, Uruguay (Lat. 34°10'19.65"S; Long.
54°2'4.27"W; Alt.170 m) (see Balmelli et al. 2013 for details). The genetic material
included 5520 trees from 226 open-pollinated families obtained from three
populations: Australian native provenances, Chilean landrace selections and Uruguayan
landrace selections (Table 1), and four commercial seed lots (excluded from analyses).
The Uruguayan seedlots correspond to plus trees selected by growth in commercial

plantations.

The experimental design for the trial was a randomized complete block with single-tree
plots in 24 replications. Trees were planted at a spacing of 3.65 m x 2.0 m (1370
trees/ha) and the whole trial was surrounded by two buffer rows. It was established on
a well drained loamy sandy soil, previously used for cattle production on natural
pastures. Soil preparation consisted of: herbicide application (Glyphosate 50%, 3 L/ha),
tillage made in bands and pre-planting herbicide application (Glyphosate 50%, 2.25
L/ha). Fertilizer (140 g/plant 16:27:2 N:P:K + microelements) and herbicide
(Oxifluorfen 23.5% + Acetochlor 90%: 1.5 + 1.5 L/ha on 1.4 m wide planted band) were
applied immediately after planting. In the following autumn, glyphosate was applied (3
L/ha) beneath the trees.
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Table 1. Eucalyptus globulus genetic material included in a trial installed in 2002 in
Rocha (Uruguay), showing population, provenance, latitude (Lat), longitude (Long),
altitude (Alt.) and number of open pollinated families.

Population Provenance @ Lat. Long. Alt. OP families
Australia SW of Lorne, VIC 38236°S 143°54°E 230 12
Australia WSW of Kennett River, VIC 38240°S 143°50°E 130 4
Australia Otways SF & Yuulong, VIC 38242°S 143°33E 250 13
Australia Otway National Park, VIC 38248°S 143°37°E 150 13
Australia Jeeralang North, VIC 38219°S 146°33'E 220 13
Australia N of Yarram, VIC 38222°S  146°41°E 480 9
Australia Flinders Island, TAS 40°07'S 148°01°E 90 8
Australia Moogara, TAS 42947'S  1469255°E 500 7
Australia Geeveston, TAS 43°213'S 146°54°E 360 7
Chile Chillan 36243'S  72°203'W 180 4
Chile Concepcion 36250°S  729248'W 200 8
Chile Lota 37904'S  73203'W 270 7
Chile Osorno 40234°'S  72°22'W 190 8
Uruguay Lavalleja 32220°S 55209'W 150 28
Uruguay Migues 34929°S  55245'W 50 79
Uruguay Canelones 34240°S 55°50'W 50 6
Total 226

aVIC Victoria, TAS Tasmania

Measurements

Foliar damage caused by MLD and Eucalyptus rust was assessed in May 2003 (8 months
after planting). A preliminary survey of the field trial based on a random sampling of
leaves had indicated that 55% of the spots were attributable to Eucalyptus rust, 43.1%
to MLD and the remainder 1.9% to other unidentified pathogens. The degree of damage
was quantified on each tree, using two parameters: I) severity of leaf spots (percentage
of leaf area affected by spots and pustules) and II) defoliation (percentage of leaves
prematurely abscised). The evaluations were carried out for the whole crown, using
visual scales adapted from Lundquist and Purnell (1987) and from Carnegie et al.
(1994). For both, severity of leaf spots (SEV) and defoliation (DEF), trees were
categorized according to disease classes of 0, 10, 20, 30, 40, 50, 60, 70 and 80% or
more. Although the symptoms of Eucalyptus rust and MLD are initially different, as the
pustules of rust get older they evolve to spots similar to those of MLD, being almost

impossible to visually separate both symptoms accurately. Therefore, the severity of
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spotting was jointly assessed. The proportion of adult foliage (ADFO) was assessed in
May 2004 (at 20 months after planting) using a four-point scale: 0=all juvenile; 1=1 to
30% of intermediate or adult foliage; 2=31-50% of intermediate or adult foliage and
3=51-70% of intermediate or adult foliage (class mid-point values were used in data
analyses). Growth was assessed by measuring the total height (HT) in May 2003 (at 8
months) and in June 2011 (at ninth year) and the diameter at breast height (DBH) in
May 2005, June 2007, June 2009 and June 2011 (at third, fifth, seventh and ninth year,
respectively). Survival (SURV), after the disease damage assessment, was determined
at each measurement of growth (3, 5, 7 and 9 year old trees). Individual tree
commercial volume (VOL) (under bark and up to 5 cm of stem diameter) was
calculated for the ninth year using a specific equation developed for E. globulus by

Methol (2006).
Data analysis

Analyses of variance were carried out using the SAS MIXED procedure (SAS Institute,
1997). To determine the significance of differences among populations for each trait,

and to estimate least squares means for populations, the following model was used:
Y = MU + REP + POP + PROV + FAM + ERROR (D

where Y is the observation; MU is the overall mean; REP is the random replicate effect;
POP is fixed population effect; PROV is the random provenance within population
effect; FAM is the random family within provenance effect; ERROR is the residual. The
provenance term was used as error term for testing the population effect. To test the
significance of provenance differences and to estimate least squares means for
provenances, population was excluded from model (1), provenance was treated as a
fixed effect and the family term was used as the error term. No important departures
from normality and homoscedasticity were observed for severity of leaf spots and for
defoliation. Square root transformation of proportion of adult foliage was used in the

analyses to achieve normality and homogeneity of residuals.

Variance components for each trait were estimated with model (1), using restricted
maximum likelihood implemented in ASReml (Version 3.0) (Gilmour et al. 2009). A
binomial model was fitted to survival (absence/presence 0/1) with a probit link

function. The additive variance within provenances (02), phenotypic variance (GS) and

open-pollinated narrow-sense heritability (h?,p) were calculated as:
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where: 67 is the family within provenance variance; o2 is the residual variance; and r is
the coefficient of relationship, fixed to 0.4 to adjust the deviations from the half-sib

relatedness (assuming a selfing rate of 30%) (Volker et al. 1990).

Bivariate analyses were also implemented in ASRem], fitting the same model (Eqn 1),
using the variance components derived from univariate analyses as starting values.
Additive genetic correlations between two different traits (r,(;;)) were calculated from

additive variances and covariances as:

_ %))
Ta(i)) = 7= (5)
%a()®a()

where Gg(i) and Ggm are the estimated additive genetic variances for the traits i and j,
respectively, and o,(;;) is the estimated additive covariance between traits i and j. The
standard errors of parameters were estimated by ASReml from the average
information matrix, using a standard truncated Taylor series approximation (Gilmour
et al. 2009). The significance of the deviation of the variance components from zero
were tested using a one-tailed likelihood ratio test (LRT) (Stram and Lee 1994). As
likelihood ratio tests are not appropriate for binomial models, equivalent z-tests were
used to test the significance of the variance components for survival. Heritabilities were
assumed to be significant if the additive variances were significantly greater than zero.
The significance of the deviation of the genetic correlations estimates from zero was

based on two-tailed likelihood ratio tests (LRT) (Gilmour et al. 2009).

The genetic gains expected through selection for disease related traits (spot severity,
defoliation and adult foliage) and the indirect expected gain on survival and individual
tree commercial volume at harvest were calculated by a retrospective analysis of a
simulated early conversion of the progeny test into a seedling seed orchard. Assuming
retention of 600 trees (about 150 trees per hectare) for seed production, different

schemes of combined selection (family and within family) were analyzed: a) selection
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of the best 40 families and 15 trees per family; b) selection of the best 60 families and
10 trees per family; c) selection of the best 120 families and 5 trees per family. To
estimate the genetic gains for the different selection alternatives all families were
considered as a single base population. The families and trees within families were
ranked with the breeding values for parents and progeny estimated by the univariate
analyses implemented in ASReml using the equation (1). The pedigree file qualifier
SELF was used in the .as ASReml file to incorporate a self-pollination rate of 0.3. The
genetic gains (AG) expected through truncation selection for each selection alternative
were calculated as the mean of the individual tree breeding values of the selected
individuals expressed in percentage of the population mean. The efficiencies of early
selection were calculated as the ratio of the gain expected from early selection (indirect
selection) to the gain expected from direct selection at rotation age, and were

expressed in percentage.

RESULTS

Genetic variation in resistance to foliar diseases, precocity of phase change,

survival and tree growth

Eight months after planting, the trial had a high incidence of leaf diseases. Foliar
damage was uniform throughout the site, with a mean spot severity for all trees in the
trial of 28.8% and a mean defoliation of 37.1%. Disease severity was highly variable
and ranged from trees with no damage to trees with the foliage almost completely
spotted or shed. At 20 months, 72% of trees had begun the phase change, but the mean
percentage of adult foliage at that moment was only 18.4%. Significant differences
among populations were found for defoliation and percentage of phase change to adult
foliage, but not for spot severity, survival and individual tree volume at 9 years (Table
2). The Uruguayan population was the most susceptible to foliar diseases, with
significantly higher defoliation than the Australian population. The Chilean population
had the lower proportion of adult foliage, differing significantly from the other two

populations.

78



Table 2 Least-square means (Mean) and standard error (SE) for leaf spot severity
(SEV) and defoliation (DEF) at 8 months, square root of the proportion of adult foliage
(ADFO) at 20 months, survival (SURV) and individual tree volume (VOL) at 9 years, for
three populations of E. globulus grown in a trial in Uruguay.

SEV (%) DEF (%) ADFO SURV (%) VOL (dm3)
Mean * SE Mean + SE Mean + SE Mean + SE Mean + SE

Population

Australia 265%1.64a 334+£197b 377+0.19a 764+199a 2889+152a

Chile 278+254a 39.2+259ab 2.65+0.29b 709%356a 2189+234a
Uruguay 31.8+240a 399+254a 383+028a 695+196a 2499+252a

Means within each column followed by different letters are significantly different (P<0.05,
Tukey-Kramer multiple range test).

There were significant differences among provenances for leaf spot severity,
defoliation, proportion of adult foliage and individual tree volume at 9 years, but not for
survival at 9 years (Table 3). Lavalleja and Osorno provenances presented the highest
values of severity of leaf spotting and defoliation, while North of Yarram and Flinders
Island were the most resistant provenances. The provenances with the highest
proportion of adult foliage at 20 months were Kennett River, Otways SF & Yuulong,
Otways National Park and Migues, being significantly different from Osorno and
Chillan. The provenances with the highest individual tree volumes at harvest age were
Otways & Yuulong, North of Yarram, Otway National Park and SW of Lorne, differing

statistically from most of the other provenances.

Significant additive genetic variation within provenances was found for all traits. The
individual narrow-sense heritabilities for leaf spot severity and defoliation at 8 months
and for proportion of adult foliage at 20 months were moderately high (hz = 0.38; 0.43
and 0.41, respectively). Tree growth had moderate heritability (h? ranging from 0.21 to
0.34) and survival after disease damage assessment had moderately high heritabilities

(0.33 to 0.45) (Table 4).
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Table 3. Least-square means (Mean) and standard errors (SE) of E. globulus
provenances for leaf spot severity (SEV) and defoliation (DEF) at 8 months, square
root of the proportion of adult foliage (ADFO) at 20 months, survival (SURV) and
individual tree volume (VOL) at 9 years.

brovenance: SEV (%) DEF (%) ADFO VOL (dm3) SURV (%)

Mean + SE Mean * SE Mean * SE Mean * SE Mean * SE
Lavalleja (U) 354+1.82a 42.7+2.02a 3.70+0.20 ab 232.6+10.7 bc 65.4+3.43 a
Osorno (C) 33.1+3.25ab 455+3.02a 2.23+0.36b 183.9+20.6 c 553+6.42a
Moogara (A) 322+342ab 39.2%314abc 3.17+0.37ab 195.9 £ 20.1 bc 721+6.74a
SW of Lorne (A) 32.0+2.62ab 33.3+2.56bc 3.34+0.29ab 3259+ 148a 81.3+5.11a
Canelones (U) 30.3+3.73ab 354+338abc 3.64+041ab 249.4 +22.0 bc 72.8+7.40a
Migues (U) 29.5+1.22ab 39.7+1.68 ab 4.04+0.13a 267.0+6.67Db 709+2.10a
Otway Nat. Park (A) 29.2+254ab 359+ 250abc 413+0.28a 3275+145a 76.6 +4.93 a
Geeveston (A) 29.1+339ab 37.8+*3.13abc 347 +0.37ab 221.1+198bc 713 +6.68a
Concepcién (C) 273 +3.26ab 40.2+3.02ab 2.60+0.36b 217.1+19.0 bc 77.7+6.44 a
Jeeralang North (A) 273+253ab 343 +250abc 3.72+0.28ab 287.0+14.6 ab 78.7+491a
Lota (C) 26.7+3.40ab 33.6%3.14abc 3.45%0.37ab 219.4 +20.0 bc 72.7+6.72a
Kennett River (A) 24.7 £ 445 ab 30.8+3.94 bc 487 +0.48a 308.6 + 26.3 ab 71.6+8.82a
Otways & Yuulong (A) 23.1+£255b 329+ 251bc 4.53+0.28a 3409+ 14.7a 77.0+ 496 a
Chillan (C) 22.2+4.62b 36.7 + 4.07 abc 2.19+0.50b 260.3 +26.7 bc 85.4+9.25a
Flinders Island (A) 214+£320Db 27.2+298¢c 3.86 £ 0.35ab 245.1+18.6 bc 744 +6.30a
N of Yarram (A) 185+3.02b 28.6 £ 2.85 bc 3.02+0.33ab 3374+178a 769+592a

a (A) Australia, (C) Chile, (U) Uruguay. Means within each column followed by different letters

are significantly different (P<0.05, Tukey-Kramer multiple range test).

Table 4. Individual narrow-sense heritability estimates (h2) and standard error (SE) for
spot severity (SEV), defoliation (DEF), square root of the proportion of adult foliage
(ADFO), tree height (HT), diameter at breast height (DBH), survival after damage
assessment (SURV) and individual tree commercial volume (VOL) on E. globulus. Trait
names are followed by the age of measurement in months (m) or years (y).

Trait Unit n Mean + SDA h2+ SE

SEV_8m % 4526 28.8+20.8 0.38 + 0.04
DEF_8m % 4526 37.1+18.0 0.43 +0.04
ADFO_20m % 4301 184 +17.1 0.41 +0.04
HT_8m m 4526 25+0.6 0.34 + 0.04
DBH_3y cm 4078 10924 0.30 £ 0.04
DBH_5y cm 3813 15.6 £ 3.4 0.29 £ 0.04
DBH_7y cm 3570 17.6 +3.9 0.26 £ 0.04
DBH_9y cm 3309 19.7 £ 4.4 0.22 £ 0.04
VOL_9y dm3 3309 273 +144 0.21+0.03
SURV _3y % 4526 90.1 £29.9 0.33+£0.05
SURV _5y % 4526 84.3+36.4 0.35+0.05
SURV _7y % 4526 78.9 £40.8 0.38 £ 0.05
SURV _9y % 4526 73.0 +44.4 0.45 £ 0.05

A SD = standard deviation. Heritabilities are all highly significantly greater than zero (P < 0.01).
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Relationship between resistance to foliar diseases and early transition to adult

foliage with survival and tree growth

The phenotypic and genetic correlations between leaf spot severity and defoliation
were high and significant (0.62 and 0.75, P<0.01), which means that trees and families
with higher levels of leaf spotting had also more defoliation. Conversely, the phenotypic
and genetic correlations between disease damage (leaf spot severity and defoliation) at
8 months and proportion of adult foliage at 20 months were slightly negative and non-
significant in the case of genetic correlations. In other words, the susceptibility of the
juvenile foliage to diseases and the precocity of phase change to adult foliage are almost

independent traits (Table 5).

Table 5. Phenotypic and genetic correlations between disease-related traits on E.
globulus and their significance from zero. The trait codes for spot severity (SEV),
defoliation (DEF) and proportion of adult foliage (ADFO) are followed by the age of
measurement in months.

Traits Phenotypic Genetic
SEV_8m v. DEF_8m 0.62 (0.01) ** 0.75 (0.05) **
SEV_8m v. ADFO_20m -0.10 (0.02) **  -0.19 (0.10) ns
DEF_8m v. ADFO_20m -0.14 (0.02) *  -0.26 (0.10) ns

The significances are noted as ns = not significant; ** P<0.01.

The phenotypic correlations between disease damage (leaf spot severity and
defoliation) and tree growth were low and significant (-0.14 to -0.33, P<0.01), with the
most damaged trees growing more slowly (Table 6). There was no indication that
disease damage was genetically correlated with tree height at the moment of damage
assessment, but the genetic correlations between foliar damage and subsequent growth
were significant (-0.33 to -0.48), meaning that the trees that were genetically more
susceptible to foliar diseases grew less than those more resistant (Table 6). Both
phenotypic and genetic correlations between foliar damage and subsequent survival
were negative and significant and indicate that mortality was dependent on
susceptibility to diseases (Table 6). The proportion of adult foliage at 20 months and
tree growth also showed low and significant phenotypic and genetic correlations,
which means that trees with an early transition to adult foliage grew faster than those
with a late transition (Table 6). There were low to moderate and significant phenotypic
correlations (0.31 to 0.32) and genetic correlations (0.29 to 0.37) between the

proportion of adult foliage at 20 months and subsequent survival, which means that
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mortality was also dependent on the precocity of phase change to adult foliage (Table

6).

Table 6. Phenotypic and genetic correlations (standard errors) between disease traits

on E. globulus and subsequent tree growth and survival. Trait codes for spot severity

(SEV), defoliation (DEF), square root of proportion of adult foliage (ADFO), height (HT),

diameter at breast height (DBH), survival (SURV) and individual tree commercial

volume (VOL) are followed by the age of measurement in months (m) or years (y).
SEV_8m DEF_8m ADFO_20m

Trait

Phenotypic Genetic Phenotypic Genetic Phenotypic Genetic

Height 8m  -0.14(0.02)**  -0.22(0.10)ns  -0.15(0.02)**  -0.20 (0.10)ns  0.35 (0.02)**  0.39 (0.09)**
DBH_3y  -0.33(0.02)** -0.48 (0.08)** -0.31(0.02)** -0.44 (0.09)** 0.36 (0.02)**  0.40 (0.09)**
DBH 5y  .0.24(0.02)** -0.40 (0.09)** -0.22 (0.02)*  -0.35(0.10)*  0.29 (0.02)**  0.41 (0.10)**
DBH 7y .0.21(0.02)* -0.43(0.10)** -0.21(0.02)** -0.38 (0.10)**  0.23 (0.02)**  0.39 (0.11)**
DBH 9y  .0.18 (0.03)** -0.42 (0.11)** -0.17 (0.03)**  -0.37 (0.11)*  0.19 (0.03)**  0.34 (0.12)*
SURV.3y  _0.24 (0.02)* -0.51(0.08)** -0.21(0.02)** -0.45(0.08)** 0.31(0.02)**  0.29 (0.09)*
SURV_Sy  .0.23(0.02)** -0.43 (0.08)** -0.21(0.02)** -0.39 (0.08)** 0.31(0.02)**  0.32 (0.08)*
SURV_7y  .0.22 (0.02)** -0.32 (0.08)* -0.20 (0.02)** -0.32(0.08)* 0.32(0.02)** 0.35 (0.08)**

SURV.9y 021 (0.02)* -0.28 (0.08)* -0.21(0.02)** -0.32(0.08)* 0.31(0.02)** 0.37 (0.08)**
VOL 9y  -0.16 (0.03)** -0.38 (0.11)* -0.15 (0.03)**  -0.33(0.12)*  0.18 (0.03)**  0.34 (0.12)*

The significances are noted as ns = not significant; * P<0.05; ** P<0.01.

Genetic gains expected through selection for disease-related traits, individual

tree volume and survival

The genetic gains in the selection trait expected through a conversion of the progeny
test into a seedling seed orchard were high, ranging from 37.5 to 51.7% for the
different selection schemes, when selecting by low leaf spot severity or by low
defoliation at 8 months (Table 7). When selection is made by high proportion of adult
foliage at 20 months the expected gains are also high, from 46.3 to 52.2% (Table 7).

Table 7. Genetic gains (%) in selection traits expected through a conversion of the
progeny test into a seedling seed orchard with different schemes of selection for spot
severity (SEV), defoliation (DEF) or adult foliage (ADFO).

40 families 60 families 120 families

15 trees/fam. 10 trees/fam. 5 trees/fam.
SEV 47.4 51.7 51.6
DEF 37.5 41.0 42.0
ADFO 46.3 52.2 46.3
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The genetic gains expected on individual tree volume at harvest through indirect
selection for leaf spot severity, defoliation or adult foliage after an early conversion of
the progeny test into a seedling seed orchard are low, ranging from 1.5 to 6.0% for the
different selection schemes analyzed (Table 8). Higher genetic gains are expected on
survival at harvest age, ranging from 18.5 to 24.9% for the same selection criteria and
selection schemes (Table 8). The genetic gains expected for a late conversion of the
progeny test selecting directly for individual tree volume at harvest age ranged from
22.1 to 24.2% and selecting directly for survival at harvest age ranged from 29.2 to
44.5% (Table 8). Intermediate gains on individual tree volume at harvest are expected

by indirect selection on DBH at ages 3 or 5 years (data not shown).

Table 8. Genetic gains (%) on individual tree commercial volume at harvest age (VOL)
and on survival at harvest age (SURV) expected through a conversion of the progeny
test into a seedling seed orchard with different schemes of early selection for spot
severity (SEV), defoliation (DEF) or adult foliage (ADFO) and expected gains for direct
selection on individual tree volume and survival at harvest.

40 families 60 families 120 families
15 trees/fam. 10 trees/fam. 5 trees/fam.

Selection criteria VOL SURV VOL SURV VOL SURV

SEV 5.6 22.6 4.0 20.6 1.5 18.7
DEF 2.7 18.7 3.0 20.2 2.2 18.5
ADFO 6.0 243 4.2 249 6.0 243
VOL 221 24.2 23.2
SURV 41.5 44.5 29.2

On average for the different schemes of selection analyzed, the efficiency of an early
selection for resistance to foliar diseases or for precocity of phase change, with respect
to the gain expected through direct selection for individual tree volume at harvest age,
was 16.7% for spot severity, 10.9% for defoliation and 23.3% for adult foliage. In the
case of survival at harvest age, the efficiency of an early selection for resistance to foliar
diseases or for precocity of phase change was 54.9% for spot severity, 51.3% for

defoliation and 65.9% for adult foliage.
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DISCUSSION

The genetic base of E. globulus analyzed on this work showed significant genetic
variation at population, provenance and family levels, both in severity of leaf spots and
in defoliation. MLD and Eucalyptus rust had similar incidence in the trial assessed, thus
the variation in severity of leaf spots represents the variation in resistance to both
diseases, while the variation in defoliation is exclusive to MLD since Eucalyptus rust

does not cause leaf drop (Coutinho et al. 1998; Ferreira 1983).

The Australian population analyzed here showed significantly less defoliation than the
local population. Within the Australian population, North of Yarram and Flinders Island
were the provenances with less severity of leaf spots and less defoliation. Provenance
differences in MLD resistance have been reported on E. globulus by Carnegie et al.
(1994), Dungey et al. (1997) and Hamilton et al. (2013), and provenance differences in
resistance to Eucalyptus rust by Xavier et al. (2007). In a range wide screening of E.
globulus provenances, Hamilton et al. (2013) found a latitudinal cline in MLD damage,
with the most resistant provenances occurring on mainland Australia, i.e. the northern
part of the species natural distribution. In the present work there was no clear
relationship between disease damage and latitude, with the provenances from

Tasmania showing similar disease severity than some provenances from Victoria.

Some Australian provenances from Victoria, as Kennett River, Otways SF & Yuulong
and Otways National Park, showed the highest proportion of adult foliage. This agrees
with Jordan et al. (2000) and Hamilton et al. (2011), who found that the mainland
provenances of E. globulus have a more precocious phase change than provenances
from Tasmania. Those results suggest that the provenances North of Yarram, Flinders
Island, Kennett River and Otways SF & Yuulong could be considered good seed sources
of E. globulus for sites with risk of mixed infections of MLD and Eucalyptus rust.
Assuming similar conditions to those recorded in the evaluated trial, i.e. the same
diseases and severity of damage, with the use of seed from North of Yarram it could be
expected during the first year a reduction on leaf spotting of about 35% (from the
actual mean of 28.8% to 18.7%) and a reduction on defoliation of 23% (from 37.1% to
28.6%). Similarly, the use of seed from Kennett River would increase the proportion of
adult foliage at 20 months by 51.6% (from the actual mean of 18.4% to 27.9%). There
were significant differences among provenances for individual tree volume at harvest

age. The more productive provenances, i.e. those that combine good survival and tree
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growth at harvest age, were also from Australia: North of Yarram, Otways & Yuulong,
SW of Lorne and Otway National Park. These provenances, particularly North of
Yarram (for its resistance) and Otways & Yuulong (for its precocious phase change), are
the most suitable for the Uruguayan conditions. However, the importation of large
volumes of seed (an annual planting area of 20,000 hectares of E. globulus requires
about 100 kilograms of seed) involves risks related to the availability of the desired
source, and it represents also a possible route of entry for diseases not present in the

country yet (Wingfield et al. 2008).

Significant additive genetic variation was identified in resistance to foliar diseases and
in timing of phase change. The within provenance individual tree heritability estimates
for spot severity (0.38) and defoliation (0.43) at 8 months and for proportion of adult
foliage (0.41) at 20 months were higher than the heritabilities obtained for tree growth
(0.21 to 0.34) and similar to those obtained for survival (0.33 to 0.45). These
differences could be even higher because the narrow-sense heritabilities for growth
traits may be biased upwards because were estimated from open-pollinated progeny
(Hardner and Potts 1995; Hodge et al. 1996). In contrast, open-pollinated versus
controlled-cross estimates are very similar for disease resistance and for precocity of
phase change (Dungey et al. 1997; Jordan et al. 1999). The heritability estimates for leaf
spot severity and for defoliation derived from this trial refer to disease caused by a
complex of MLD and Eucalyptus rust. Thus, the presence of different pathogens may
have masked the genetic association between the host and each pathogen, causing, at
least for leaf spot severity, a reduction of the heritability. Our heritability values are
lower than the 0.60 obtained by Milgate et al. (2005) for severity to T. nubilosa on E.
globulus, but they are similar or higher than those reported by other authors. Thus,
Reinoso (1992) estimated heritabilities for severity to MLD from 0.23 to 0.48; Dungey
et al. (1997) from 0.12 to 0.21 for damage by T. nubilosa and T. cryptica and Carnegie
and Ades (2005) from 0.17 to 0.36 for damage by T. cryptica; Hamilton et al. (2013)
from 0.13 to 0.35 for severity to MLD; Costa e Silva et al. (2013a, 2013b) from 0.31 to
0.39 for susceptibility to T. nubilosa on E. globulus. Although there are no published
results on genetic control in resistance to Puccinia psidii on E. globulus, our heritability
estimate for leaf spot severity suggests that it is possible to obtain acceptable responses

to selection for resistance to mixed infections of MLD and Eucalyptus rust.

The proportion of adult foliage at 20 months presented also a moderately high

heritability (0.41), although it is lower than the heritabilities reported by Lopez et al.
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(2002) for proportion of adult foliage on E. globulus (0.54 to 0.65) or those reported for
height of phase change by Jordan et al. (1999) (0.43 to 0.74) and Hamilton et al. (2011)
(0.44 to 0.65). Another indication of the strong genetic control of phase change in E.
globulus is the very high inter-trial genetic correlation, i.e. very low genotype-by-
environment interaction, recorded by Lopez et al. (2002) (0.88 to 0.96) and by
Hamilton et al. (2011) (0.39 to 1.02). The high genetic control for the timing of phase
change and its stability across environments imply that there are ample opportunities
for selection and breeding to obtain genetic stock with a more precocious change to
adult foliage. This, as stated by Carnegie et al. (1994), represents a mean of escape from
diseases, as MLD and Eucalyptus rust, which mainly affect juvenile foliage (Ferreira
1983; Park et al. 2000). Our results suggest that both the increment in resistance of the
juvenile foliage (by selection for low leaf spotting or defoliation in the first year) and
the reduction of the juvenile phase (by selection for high proportion of adult foliage in
the second year), are feasible to reduce the risk of MLD and Eucalyptus rust on E.
globulus plantations. The increase in resistance has the advantage of reducing the
damage during the early stages of cultivation, which are most critical to the trees
(Balmelli et al. 2013), and the disadvantage of having low success if the pathogens
affecting new plantations are different to those for which resistance of the genetic pool
was assessed. Conversely, reducing the juvenile phase allows to early escape to any
pathogen that does not affect the adult foliage, but the trees maintain a high risk of

damage during their most critical stages.

The relationship between leaf spot severity and defoliation was high, with a genetic
correlation of 0.75, which can be explained by the fact that defoliation is a secondary
symptom of foliar spots due to MLD, but no significant relationship was found between
the genetic control for these traits and the genetic control for proportion of adult
foliage at 20 months. This means that the selection by leaf spot severity will indirectly
reduce defoliation, and vice versa, and no effect is expected on the timing of phase
change. This agrees with Milgate et al. (2005) and Costa e Silva (2013a), who found that
the severity of the damages caused by T. nubilosa in juvenile foliage of E. globulus was
neither significantly correlated with the timing of transition to adult foliage nor with
the height of transition to adult foliage. Both phenotypic and genetic correlations
between susceptibility to foliar diseases (leaf spotting and defoliation) with survival
and tree growth were negative (-0.14 to -0.51) and significant, except for the early

height measurement. Higher genetic correlations on E. globulus between severity of
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damage due to T. nubilosa and DBH at four and seven years (-0.66 to -0.77) were
reported by Milgate et al. (2005) and for DBH at 12 years (-0.53) by Costa e Silva
(2013a). Conversely, the relationships, both phenotypic and genetic, between the
proportion of adult foliage at 20 months with survival and tree growth were positive,
but low (0.18 to 0.41). Lopez et al. (2002), in absence of foliar diseases, reported
genetic correlations between percentage of adult foliage at two years and DBH at three
or four years ranging from -0.24 to 0.37 for E. globulus and Milgate et al. (2005), in
presence of T. nubilosa, report genetic correlations between height to phase change and
DBH at four and seven years from -0.17 to 0.11. According to Jordan et al. (2000) the
genetic association of the timing of vegetative phase change with growth rate range
from positive to negative at different sites and depends on the presence or absence of
diseases or pests that preferentially affect juvenile foliage. Based on our results, we can
expect an increase in tree growth by selecting for disease resistance or by selecting for

an early transition to adult foliage.

Different breeding strategies are available for long-term genetic improvement of trees
involving various combinations of breeding and production population, mating designs
and selection schemes (Cotterill 1986; Eldridge et al. 1994; Shelbourne 1992). In the
short term, one of the simplest strategies to obtain improved seed for sites prone to
foliar diseases is converting a progeny test, previously damaged and assessed by
resistance to diseases, into a seedling seed orchard. In this study the increment in
resistance to MLD and Eucalyptus rust expected by selecting the less damaged families
and trees was high, with an average of 50.2% when leaf spot severity was used as
selection criteria and 40.2% when the selection criteria was defoliation. Similar gains,
with an average of 48.3%, could be expected if the conversion of the progeny test into a
seedling seed orchard is done based on the selection of the families and trees that had
higher proportion of adult foliage at 20 months. Although the time to start changing the
foliage cannot be estimated, it is likely that plantations using this seed would have a
period of susceptible juvenile foliage several months shorter than the original
population. In addition, low increments in individual tree volume (ranging from 1.5 to
6.0%) and moderate increments in survival at harvest age (ranging from 18.5 to
24.9%) could be obtained by the conversion of the progeny test into a seedling seed
orchard by either selecting for disease resistance or for early phase change. Although
an early selection allows obtaining the improved seed various years in advance, the

expected gains in individual tree volume at harvest age are low if compared with those
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expected for a conversion of the progeny test selecting directly for individual tree
volume (22.1 to 24.2%). However, the expected gain on individual tree volume at
harvest age by early selection could be biased due to between-tree competition,
especially in the present case based on a disease infected trial with single tree plots,
which enhance the growth of resistant trees due to the lack of competition, which
would not occur in large block plantings where individuals compete with genetically
similar material (Callister et al. 2012). In addition, according to Costa e Silva (2013b),
indirect genetic effects, i.e. heritable effects of individuals on trait values of their
conspecifics, are negative for growth and positive for disease damage, determined
respectively by increased competition among neighbours and by decreased infection
among neighbours. This suggests that the response to selection for growth is likely to
be lower than predicted and the response to selection for disease resistance is likely to

be higher than predicted.

An important limitation of this strategy to obtain genetic stock resistant to diseases is
the poor production of seeds that E. globulus has in Uruguay. A well-managed seed
orchard produces an annual average of 0.8 kg per hectare of clean seed, with a strong
interannual variation (unpublished data). About 200 hectares of E. globulus can be
planted with one kilogram of seed (considering a typical planting density of 1400 trees
per hectare). Thus, the total production on the 4 hectares of this hypothetical seed
orchard would be 3.2 kg per year, enough for 640 hectares of plantation. In other
words, this strategy is fast and low cost but the production of improved seed would
only represent 3% of that required in Uruguay for a plantation of 20,000 hectares per
year. The alternative to any strategy based on the production of improved seed is the
selection and cloning of the best trees of the progeny test. The poor rooting capacity of
E. globulus (Le Roux and Van Staden 1991; Tejedor 2007) is a clear limitation of this
strategy. However, it has the advantage that the whole process to obtain clones at a
commercial scale, i.e. cloning the candidates, testing their resistance to diseases and the
multiplication of the resistant clones, can be achieved in a five to six year period. In
addition, Costa e Silva (2013a) reported that clones of E. globulus exhibited a slightly
less disease damage and change to adult foliage at a lower height than seedlings

produced from the same families.

Since the entry of T. nubilosa into Uruguay in 2007 (Pérez et al. 2009b), young
plantations of E. globulus have been suffering severe damage, often with more than

80% of defoliation (Balmelli et al. 2011). According to Balmelli et al. (2013) this degree
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of damage during the first year causes a loss of up to 25% in diameter and an
accumulated mortality over 70% by the sixth year. Thus, the sustainability of E.
globulus production in the country depends on the rapid development of genetic stock
of acceptable resistance to this pathogen. For this reason, INIA in collaboration with
forestry companies, are now analyzing the resistance/susceptibility of their genetic
pool to T. nubilosa with the objective to select and clone trees that simultaneously show
good resistance to this disease and an early phase change, ensuring a large base of

clonal selections for future breeding.
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ARTICULO III

RESUMEN

Susceptibilidad a Teratosphaeria nubilosa y precocidad del cambio de fase
vegetativo en Eucalyptus globulus y E. maidenii (Myrtaceae)

Desde el primer reporte de Teratosphaeria nubilosa en Uruguay en 2007, las
plantaciones jévenes de Eucalyptus globulus y E. maidenii han sufrido severos dafios
por Mycosphaerella. La variacién genética para resistencia y para el momento del
cambio de fase fue examinado en 194 familias de polinizacién abierta de E. globulus y
86 familias de E. maidenii en un ensayo naturalmente infectado por T. nubilosa en el
sureste de Uruguay. La severidad de la enfermedad, la precocidad del cambio de follaje
y el crecimiento de los arboles fueron evaluados a los 14 meses. Eucalyptus globulus fue
significativamente mas susceptible a T. nubilosa que E. maidenii, presentando mayor
severidad de manchas foliares (10.6 y 5.6%, respectivamente), mayor defoliacién (31.9
y 22.9%, respectivamente) y mayor indice de dafio de copa (39.1 y 27.4%,
respectivamente). Sin embargo, el cambio de follaje comenzé significativamente més
temprano en E. globulus que en E. maidenii, con 34.1% y 2.8% de los arboles
presentando follaje adulto en parte de la copa, respectivamente. En E. globulus la
heredabilidad individual en sentido estricto fue significativa para severidad de
manchas foliares (0.40), defoliacién (0.24), indice de dafio de copa (0.30) y proporcion
de follaje adulto (0.64). La variacion genética aditiva en E. maidenii solo fue significativa
para defoliacién y para el indice de dafio de copa, con una heredabilidad moderada
(0.21y 0.20, respectivamente). Aunque E. maidenii fue mas resistente a T. nubilosa que
E. globulus, el grado de resistencia no fue suficiente para considerar esta especie como
una alternativa a E. globulus para sitios con alto riesgo de la enfermedad. Ademas, la
escasa variabilidad genética para resistencia del follaje juvenil y el tardio cambio a
follaje adulto sugieren que las posibilidades de seleccion temprana en E. maidenii son
bastante limitadas. Por contraste, la variaciéon genética en E. globulus claramente indica
que a través de seleccion por resistencia del follaje juvenil, y especialmente mediante
seleccion por precocidad del cambio de follaje, es posible obtener material de

propagacion apropiados para sitios con alto riesgo de infeccion por T. nubilosa.

Palabras clave: patogenos, dafio de Mycosphaerella, transicion heteroblastica.
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ABSTRACT

Since the first report of Teratosphaeria nubilosa (Cooke) Crous and U.Braun in Uruguay
in 2007, young plantations of Eucalyptus globulus Labill. and E. maidenii F.Muell. have
been severely damaged by Mycosphaerella leaf disease. The genetic variation in disease
resistance and in the timing of heteroblastic phase change was examined in 194 open
pollinated families of E. globulus and 86 families of E. maidenii growing in a field trial in
southeast Uruguay naturally infected by T. nubilosa. Disease severity, precocity of
vegetative phase change and tree growth were assessed at 14 months. E. globulus was
significantly more susceptible to T. nubilosa than was E. maidenii, presenting higher
severity of leaf spots (10.6 and 5.6%, respectively), higher defoliation (31.9 and 22.9%,
respectively) and higher crown damage index (39.1 and 27.4%, respectively). However,
the heteroblastic transition began significantly earlier in E. globulus than in E. maidenii,
with 34.1% and 2.8% of the trees having some proportion of their crown with adult
foliage at 14 months, respectively. Significant individual narrow-sense heritabilities
were found in E. globulus for severity of leaf spots (0.40), defoliation (0.24), crown
damage index (0.30) and proportion of adult foliage (0.64). Additive genetic variation
in E. maidenii was only significant for defoliation and crown damage index, with a
moderate heritability (0.21 and 0.20, respectively). Although E. maidenii was more
resistant to T. nubilosa than E. globulus, the degree of resistance was not enough to
consider this species as an alternative to E. globulus for high-risk disease sites. In
addition, the small genetic variability for resistance on the juvenile foliage and the late
transition to adult foliage suggest that the chances for early selection in E. maidenii are

quite limited. By contrast, the genetic variation in E. globulus clearly indicates that
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through selection by resistance of the juvenile foliage, and especially by selecting for
early phase change, it is possible to obtain genetic stock suitable for sites with high risk

of T. nubilosa infection.

Keywords: forest pathology, disease damage, heteroblastic transition, Mycosphaerella
leaf disease

INTRODUCTION

More than 150 species of Mycosphaerellaceae and Teratosphaeriaceae have been
identified causing diseases in Eucalyptus (Burgess et al. 2007; Crous et al. 2007; Andjic
et al. 2010; Carnegie et al. 2011; Hunter et al. 2011), being collectively referred to as
Mycosphaerella leaf disease (MLD). Teratosphaeria nubilosa is considered one of the
most destructive MLD species worldwide (Mohammed et al. 2003; Hunter et al. 2009).
It is present in native forests and Eucalyptus plantations of most states of Australia
(Dungey et al. 1997; Milgate et al. 2001; Carnegie 2007; Barber et al. 2008; Jackson et
al. 2008; Pérez et al. 2012). T. nubilosa is also present as an invasive pathogen of
Eucalyptus plantations in many countries including South Africa (Crous and Wingfield
1996; Hunter et al. 2004); Kenya, Tanzania, Zambia (Hunter et al. 2008), Ethiopia
(Gezahgne et al. 2006), New Zealand (Mohammed et al. 2003), Spain (Crous et al.
2004), Portugal (Crous et al. 2006), Uruguay and Brazil (Pérez et al. 2009a, 2009b),
commonly causing severe damage in E. globulus commercial plantations (Hunter et al
2009). Although T. nubilosa has been found on adult leaves (Kularatne et al. 2004;
Pérez et al. 2009b), it affects primarily juvenile and intermediate foliage (Crous 1998;
Carnegie and Ades 2002). It is capable of causing severe leaf spotting, premature
defoliation and shoot blight, which is highly detrimental to growth and can lead to poor
tree form, resulting in significant productivity losses (Lundquist and Purnell 1987;

Carnegie et al. 1998; Mohammed et al. 2003; Milgate et al. 2005; Hunter et al. 2009).

There are more than 700,000 hectares of commercial plantations of Eucalyptus in
Uruguay (MGAP 2013). E. globulus is the most widely planted species, covering
approximately 280,000 hectares, and E. maidenii covers more than 50,000 hectares in
the country. The high susceptibility of the juvenile foliage of E. globulus and E. maidenii
to T. nubilosa (Carnegie et al. 1994, 1998), coupled with the large volume of inoculum
produced by this pathogen (Park 1988a) and the frequent occurrence of environmental

conditions predisposing to the disease (i.e. 5-7 days of wetting at 10-20 °C, Park
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1988b), results in a high risk of outbreaks of MLD in Uruguay. Indeed, since its
appearance in 2007 (Perez et al. 2009a), T. nubilosa has had devastating consequences
for plantations up to 2 years old, mainly those of E. globulus, which often experiences
defoliations over 80% (Balmelli et al. 2009a, 2009b, 2011; Simeto et al. 2010). This has
led to a drastic reduction in the area reforested annually with E. globulus, which
dropped from 11,600 hectares in 2006 to 706 hectares in 2011 (MGAP 2013), and its
replacement by more resistant species such as E. grandis and E. dunnii in Uruguay
(Balmelli et al. 2013b). This fact, and similar antecedents on other countries, for
example in South Africa (Lundquist and Purnell 1987) and in high-risk areas of
Tasmania, Australia (Mohammed et al. 2003), suggests that if effective management
methods for this disease are not developed, in a few years the planting of E. globulus

and E. maidenii could be completely abandoned in Uruguay.

Due to economical, environmental and operational constraints, silvicultural options for
minimizing the effects of MLD in eucalypt plantations are very limited. Several
strategies have been proposed, including site selection (i.e. avoidance of planting on
high-risk sites) (Carnegie 2007), the application of fungicides (Carnegie and Ades
2003), the increase of tree vigor and tolerance through intensive forest management or
by plant defense activators (Stone 2001; Mohammed et al. 2003) and accelerating the
recovery of trees by remedial fertiliser applications (Pinkard et al. 2006a, 2006b, 2007;
Carnegie 2007). However, these alternatives have not proven to be effective in the
control of T. nubilosa in plantations at a commercial scale. Therefore, it has been
proposed that the use of resistant species and the deployment of resistant planting
stock are the most effective approaches to prevent the disease or to reduce the risk of
damage to acceptable levels in eucalypt plantations (Carnegie et al. 1994; Dungey et al.
1997; Tibbits et al. 1997; Alfenas et al. 2004; Milgate et al. 2005; Hunter et al. 2009;
Pérez et al. 2009a).

Many eucalypts, including E. globulus and E. maidenii, are heteroblastic, with juvenile
foliage present in young trees and adult foliage developing at a later stage (James and
Bell 2001). As adult foliage is more resistant to most pathogens (Park et al. 2000), high
incidence and severity of MLD is observed on juvenile foliage, making MLD a problem
mainly of young eucalypt plantations (Pinkard and Mohammed 2006). For this reason,
two mechanisms to reduce foliar damage have been proposed by Milgate et al. (2005):
i) improving disease resistance of the juvenile foliage and ii) selecting for early change

to adult foliage. Several studies analyze the genetic variation in E. globulus for
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susceptibility to MLD (Reinoso 1992; Carnegie et al. 1994; Dungey et al. 1997; Carnegie
and Ades 2005; Milgate et al. 2005; Costa e Silva et al. 2013a, 2013b; Hamilton et al.
2013) and the genetic variation for timing of heteroblastic transition (Reinoso 1992;
Jordan et al. 1999; Lopez et al. 2002; Hamilton et al. 2011). However, as E. maidenii is
rarely commercially used worldwide, there is almost no information on genetic
variation in this species either for susceptibility to MLD or for the timing of
heteroblastic transition. The present work was performed on a progeny test of E.
globulus and E. maidenii in southeastern Uruguay naturally infected by T. nubilosa. The
objectives of the study were to: a) determine the relative susceptibility of E. globulus
and E. maidenii to T. nubilosa, b) determine the precocity of vegetative phase change,
and c) estimate the genetic variability of leaf spotting, defoliation and timing of phase

change on each Eucalyptus species.

MATERIALS AND METHODS

Field trial and genetic material

A progeny test of E. globulus and E. maidenii was established in March 2011 by the
National Institute of Agricultural Research (INIA), in Lavalleja, Uruguay (Lat. 342 11" S;
Long. 542 54” W; Alt. 206 m). This region experiences a temperate climate, with a mean
annual temperature of 172C and an average annual rainfall of 1200 mm (Castafio et al.
2011). The genetic material included 6720 trees derived from 194 open-pollinated
families of E. globulus and 86 families of E. maidenii. This material was obtained from
INIA’s seed orchards at Canelones and Tacuarembd, provinces of Uruguay (Table 1).
The trial was established as three randomised complete blocks of eight-tree line plots.
Trees were planted at a spacing of 3.5 m x 2.0 m (1428 trees/ha), on a well-drained
loamy sandy soil of moderate fertility. The land use prior to the establishment of the
trial was an E. globulus plantation. Soil preparation consisted of ripping, herbicide
application (Glyphosate 50%, 3 L/ha) and ploughing in bands. At planting, 80 g of
12:48:8 N:P:K fertiliser was applied to each plant and herbicide (Oxifluorfen 23.5% +
Acetochlor 90%: 1.5 + 1.5 L/ha) applied on 1.2 m wide planted band. After 12 months,
Glyphosate was applied (3 L/ha) between rows.
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Table 1. Origin and number of grandparents and parents (female parent of open-
pollinated families) of Eucalyptus globulus and E. maidenii grown in a progeny test in
south-eastern Uruguay. The Uruguayan land races of both species correspond to plus
trees selected in commercial plantations with unknown seed origin. Vic., Victoria; Tas.,
Tasmania; NSW, New South Wales; URU, Uruguay; and CHI, Chile.

Number of  Number of

Species Provenancea
grandparents  parents

E. globulus Jeeralang N (Vic.) 20 35
E. globulus SW Lorne (Vic.) 3 3
E. globulus Flinders Is. (Tas.) 6 9
E. globulus NE Coast (Tas.) 2 3
E. globulus Moogara (Tas.) 2 2
E. globulus Geeveston (Tas.) 3 3
E. globulus Boncini (URU) 40 88
E. globulus Diano (URU) 16 36
E. globulus Dofia Pancha (URU) 4 11
E. globulus Osorno (CHI) 4 4

Total 194
E. maidenii Bolaro Mountain (NSW) 10 21
E. maidenii Mt Dromedary (NSW) 3 3
E. maidenii Bafiado Medina (URU)
E. maidenii Gregorio Aznarez (URU) 17 32
E. maidenii Migues (URU) 6 13
E. maidenii Minas (URU) 6 9

Total 86

Pathogen identification

In February 2012, when the trees were about 1 year old, there were several
consecutive days of rain and high humidity, causing a severe infection of MLD (Fig. 1a-
b). Diseased leaves were collected from 40 E. globulus and 40 E. maidenii trees
throughout the trial in April 2012. Small, round, pale-brown spots surrounded by a thin
brown margin and the presence of hypophylous black pseudothecia containing
ascospores were consistent with T. nubilosa symptoms (Fig. 1c-d). To confirm the
identity of the causal agent, 30 single-spore cultures were obtained from leaf spots
according to Crous (1998). Germination pattern was observed after 24 h incubation of
ascospores on 2% malt extract agar (MEA) at 25°C and colony morphology was

recorded once mycelia had developed.

Genomic DNA was extracted from monosporic isolates by scraping mycelia directly
from cultures and transferring it to 2 ml Eppendorf tubes with three sterile 3 mm

borosilicate beads and 25 mg of diatomaceous earth. Subsequently, 500 pl of extraction
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buffer (200 mM Tris HCI pH 8.5, 250 mM NaClI, 25 mM EDTA, 0.5% SDS) was added.
The mycelium was ground to powder using a TyssueLyser II (Qiagen, Hlilden,
Germany) for 3 minutes at 30 Hz. The rest of the procedure was as described by Raeder
and Broda (1985). The ITS region was amplified using primers ITS1 and ITS4 (White et
al. 1990). The PCR amplifications were performed in a Corbett Research CG1-96
PalmCycler (Mortlake NSW, Australia), with a total volume of 20 pul containing: 25 ng
genomic DNA, 0.2 mM of each primer; buffer 1x; 1.5 mM MgCl,; 1.0 U Taq polymerase
(Invitrogen, Brazil) and 0.4 mM of each dNTP (Fermentas, EU) and deionised-distilled
water to complete the volume. The cycling program consisted of an initial denaturation
at 94°C for 3 min, followed by 30 cycles of 1 min at 949C, 1 min at 502C, 1 min at 72°C;
followed by a final elongation step of 10 min at 72°C. The amplicons were sequenced at
Macrogen sequencing service (Macrogen Inc., Seoul, Korea). The resulting sequences
were analyzed using the BLASTn algorithm
(http: //www.ncbi.nlm.nih.gov/blast/Blast.cgi, accessed 05/05/2012). The thirty
sequences obtained were deposited in GenBank (accession numbers KF369944 to

KF369973).
Measurements

Severity of MLD damage, timing of heteroblastic transition and tree growth, were
recorded in May 2012 (age 14 months), coinciding with an outbreak of MLD caused by
T. nubilosa. Disease incidence (% of trees showing leaf spots) in the trial was very high,
reaching almost 100% for both E. globulus and E. maidenii. The degree of foliar damage
was quantified for each tree, using two parameters: I) severity of leaf spots (percentage
of leaf area affected by spots) and II) defoliation (percentage of leaves prematurely
abscised). The evaluations were carried out for the whole crown (juvenile and adult
foliage), using visual scales adapted from Lundquist and Purnell (1987) and from
Carnegie et al. (1994). There were no trees with over 40% of the leaf surface spotted
and 60% defoliation, thus leaf spot severity (SEV) was classified according to classes of
diseases of 0, 5, 10, 15, 20, 25, 30, 35 and 40% and defoliation (DEF) according to
classes of 0, 10, 20, 30, 40, 50 and 60%. Using these parameters, a crown damage index
(ranging from 0 to 100) was calculated to estimate the total foliar damage caused by
the disease. The crown damage index (CDI), adapted from Stone et al. (2003), was
calculated as:

CDI = DEF + ((1 - DEF/100) x SEV/100)
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The precocity of vegetative phase change was assessed on each tree as the proportion
of the crown with adult foliage (petiolate, alternate, shiny green and pendulous leaves).
The proportion of adult foliage (ADFO) was quantified using percentage intervals of

10% (Fig. 1e-g). Tree growth was assessed by measuring the total height (HT).

Figure 1. (a) General view of the trial at the assessment time (14 months). (b) Leaf
spots and defoliation by Mycosphaerella leaf disease. (¢, d) Typical symptoms of
Teratosphaeria nubilosa in (c) Eucalyptus globulus and (d) E. maidenii. (e-g) Vegetative
phase change in E. globulus. (e) Tree with 100% juvenile foliage, (f) tree with 40% adult
foliage and (g) tree with 70% adult foliage.

Data analysis

ANOVAs were carried out for SEV, DEF, CDI, ADFO and HT to test for differences
between eucalypt species using the GLM procedure of SAS (SAS Institute 1997). No
important departures from homoscedasticity and normality were observed for DEF,
CDI and TH. To achieve normality and homogeneity of residuals, data from SEV and

ADFO were log transformed for analysis.
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For each eucalypt species, variance components for every trait were estimated with an
individual tree mixed model, using restricted maximum likelihood implemented in
ASREML (Version 3.0) (Gilmour et al. 2009). As the trees in the trial were derived from
seed orchards, with some open-pollinated families sharing common grandparents, the
individual tree model used included known pedigree information to construct an
additive relationship matrix from which additive effects are estimated directly
(Gilmour et al. 2009). The pedigree file included the grandparent and a common pollen
parent representing the pollen environment of the seed orchard. The univariate model
fitted was:

Y =MU + REP + FAM + REP*FAM + ERROR (1)

where Y is the observation; MU is the general mean; REP is the fixed replicate effect;
FAM is the random family effect; REP*FAM is the random family-replicate interaction;

and ERROR is the residual. The additive variance (62), phenotypic variance (crz,) and

open-pollinated narrow-sense heritability (hgp) were calculated as:

2
(o
o3 =2 2
012,: G?+G%b+og 3)
2
2 O,
hop = G_jz) (4)

where o? is the family within provenance variance; G?b is the family-replicate
interaction variance; Gg is the residual variance; and r is the coefficient of relationship,
fixed to 0.4 to adjust the deviations from the half-sib relatedness (assuming a selfing
rate of 30%) (Volker et al. 1990). As the damage assessment was performed on the
whole crown, in those trees with adult foliage (which is less affected by the pathogen)
the disease resistance may be overestimated. Therefore, the genetic variation for SEV,
DEF and CDI in E. globulus (species in which there were many trees with some

proportion of adult foliage, see Results) was analyzed using the ADFO as a covariate.

Phenotypic correlations (r,) among traits were analyzed using the CORR procedure of
SAS (SAS Institute 1997). Additive genetic correlations (ry) between pairs of traits were
estimated using ASREML (Version 3.0) (Gilmour et al. 2009), fitting the same model
(Egn 1), with the variance components derived from univariate analyses as starting

values. The standard errors of parameters were estimated by ASREML from the
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average information matrix, using a standard truncated Taylor series approximation
(Gilmour et al. 2009). The significance of the deviation of the variance components
from zero were tested using a one-tailed likelihood ratio test (LRT) (Stram and Lee
1994). Heritabilities were assumed to be significant if the additive variances were
significantly greater than zero. The significance of the deviation of the genetic
correlations estimates from zero was based on two-tailed likelihood ratio tests (LRT)

(Gilmour et al. 2009).

RESULTS

Pathogen identification

Germination pattern of ascospores after 24 h at 25°C was type C (according to Crous
1998) and culture characteristics on MEA (greyish aerial mycelia with irregular edges
and colonies attaining 10-15 mm diameter in one month) were identical to those
described for T. nubilosa (Crous 1998). All sequences analyzed using BLASTn showed
100% homology with other T. nubilosa sequences previously reported (Crous et al.
2006; Pérez et al. 2009a; 2012), confirming that T. nubilosa was the causal agent of
MLD in the trial.

Overall performance of E. globulus and E. maidenii

Average survival was 80.7% for E. globulus and 83.5% for E. maidenii, with tree height
of E. globulus being slightly higher than that of E. maidenii (Table 2). The damage
caused by T. nubilosa was moderately high, with a mean total foliar damage (CDI) of
39.1% on E. globulus and 27.4% on E. maidenii. Defoliation was responsible for 81.6%
of the CDI in E. globulus and 83.6% in E. maidenii. SEV, DEF and CDI were significantly
higher for E. globulus than for E. maidenii (Table 2). The percentage of trees that had
begun the phase change was 34.1% in E. globulus and only 2.8% in E. maidenii, with an
average ADFO significantly higher for E. globulus than for E. maidenii (Table 2).
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Table 2. Comparison of growth, disease damage and precocity of phase change
between Eucalyptus globulus and E. maidenii grown in a progeny test affected by
Teratosphaeria nubilosa in south-eastern Uruguay. HT, tree height; ADFO, log-
transformed percentage of adult foliage; SEV, log-transformed severity of leaf spots;
DEF, defoliation; CDI, crown-damage index. n = number of individuals. Values are least-
squares (LS) means * standard errors.

Significance of the

Trait (unit) 1(5ng= 103197115[2; fnrzzl(;;gl)l difference between LS
means

HT (cm) 286 +0.89 275+1.30 P=0.009

ADFO (%) A 9.5+ 0.19 0.6 +0.27 P=0.004

SEV (%) A 10.6 * 0.05 5.6 +0.07 P=0.035

DEF (%) 31.9+0.13 22.9+0.20 P=0.002

CDI (%) 39.1+0.13 27.4 +0.20 P=0.008

AValues are back-transformed from analysed log-transformed data.

Genetic variation in tree growth, disease damage and precocity of phase change

Significant additive genetic variation was found in E. globulus for all traits. HT, log
transformed SEV, DEF and CDI at 14 months had moderately high or moderate
individual narrow-sense heritabilities (hZz = 0.33; 0.40; 0.24 and 0.30, respectively), and
log transformed ADFO had a high heritability (h2 = 0.64) (Table 3). The additive genetic
variation for E. maidenii was smaller than for E. globulus for all traits (Table 3). In E.
maidenii, the individual narrow-sense heritabilities for DEF and CDI were significant
and moderate (h2 = 0.21 and 0.20, respectively), but TH and log transformed SEV had
very low, and non-significant, heritabilities (Table 3). Since less than 3% of the trees of
E. maidenii had begun the phase change at the time of assessment, genetic variation for

the ADFO was not estimated for this species.

Table 3. Phenotypic variance (c,2), additive variance (o.2), individual narrow-sense
heritability estimates (hop?) and standard errors (s.e.) of assessed traits on Eucalyptus
globulus and E. maidenii. HT, tree height; ADFO, log-transformed percentage of adult
foliage; SEV, log-transformed severity of leaf spots; DEF, defoliation; CDI, crown-
damage index. For heritability estimates, **P < 0.01, n.s. P > 0.05.

Trait E. globulus (n = 3756) E. maidenii (n = 1723)
Op2*s.e. GCalxse.  hop? £s.e. GOp2 £s.e. 0x2 £s.e. hp? Ese.
HT (cm) 3459 +125 1128+260 0.33+0.07** 2663+132 125+230 0.05%0.09ns.

ADFO (%)4 3.64+0.13 232+£0.29 0.64 £0.06** - - -

SEV (%) 2 0.11+0.003 0.04+0.01 0.40+0.06* 0.32+0.01 0.01+0.01 0.04+0.05n.s.
DEF (%) 7544215 17.75+£396 0.24+0.05** 553+223 11.3+3.84 0.21+0.07**
CDI (%) 7491 +219 2212+4.24 030+0.05* 589+240 11.8+4.16 0.20%0.07**

AThe parameter estimates are given for log-transformed data.
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Relationship between disease resistance, early transition to adult foliage and

tree growth

All phenotypic and genetic correlations in E. globulus, except between HT and log
transformed SEV, were statistically significant (P<0.01) (Table 4). The phenotypic
correlation between log transformed SEV and DEF were low and positive (r, = 0.27)
and the genetic correlation between these traits was moderate and positive (ry = 0.52).
HT was negatively correlated with DEF and CDI (r, = -0.21 and -0.19; rg = -0.39 and -
0.37). HT was moderately correlated with log transformed ADFO (r, = 0.41, ry = 0.49).
The phenotypic correlations between log transformed ADFO and disease traits (log
transformed SEV, DEF and CDI) were moderately low and negative (r, =-0.17 to -0.35)
and the genetic correlations were moderate or moderately high and negative (ry =-0.31
to -0.71) (Table 4). The phenotypic correlations between the assessed traits in E.
maidenii were all statistically significant (P<0.01), presenting the same sign and similar
values than in E. globulus (Table 4). As previously stated, only a small number of trees
in E. maidenii had begun the phase change and therefore phenotypic and genetic
correlations between the proportion of adult foliage and other traits were not
estimated for this species. In addition, as the additive variances for tree height and
severity of leaf spots were not significant in E. maidenii (Table 3), genetic correlations

between these traits were also not estimated in this species.

Table 4. Phenotypic and genetic correlations, and standard errors, between traits on
Eucalyptus globulus and E. Maidenii. The traits assessed comprised tree height (HT),
log-transformed percentage of adult foliage (ADFO), log-transformed severity of leaf
spots (SEV), defoliation (DEF) and crown-damage index (CDI). **P < 0.01; n.s., P> 0.05.

Trait E. globulus E. maidenii

comparison (n=3756) (n=1723)
Phenotypic Genetic Phenotypic

SEV vs DEF 0.27 £ 0.02** 0.52 + 0.09** 0.26 + 0.03**

HT vs SEV 0.01 £0.02n.s. -0.11 £ 0.13n.s. -0.07 £ 0.03**

HT vs DEF -0.21 £ 0.02** -0.39 £ 0.12** -0.19 £ 0.03**

HT vs CDI -0.19 £ 0.02** -0.37 £ 0.12** -0.20 £ 0.03**

HT vs ADFO 0.41 £ 0.02** 0.49 = 0.09** -

ADFO vs SEV -0.17 £ 0.02** -0.31 £ 0.09** -

ADFO vs DEF -0.34 £ 0.02** -0.71 £ 0.07** -

ADFO vs CDI -0.35 £ 0.02** -0.67 £ 0.06** -
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DISCUSSION

Three months after the outbreak of MLD caused by T. nubilosa, disease incidence (% of
trees infected) in the trial was very high, reaching almost 100% in both species. E.
globulus was significantly more susceptibility to T. nubilosa than E. maidenii, presenting
higher severity of leaf spots and higher defoliation. Conversely, the heteroblastic
transition in E. globulus began significantly earlier than in E. maidenii. Although adult
leaves presented some leaf spots of T. nubilosa, the disease primarily affected juvenile

leaves, which are highly susceptible (Park et al. 2000; Milgate et al. 2001).

Therefore, although E. globulus is more susceptible than E. maidenii, the more
precocious phase change of E. globulus implies a shorter period of susceptibility,
allowing this species an earlier escape from the disease. Higher resistance of the
juvenile foliage to T. nubilosa in E. maidenii than in E. globulus was reported by Hood et
al. (2002) in two different trials of E. globulus subspecies and provenances in New
Zealand. Similar results, but for a mix infection of T. nubilosa and T. cryptica, were
found by Carnegie et al. (1994) in a trial of subspecies and provenances of E. globulus in
south-eastern Australia (Victoria). In another study that included this trial, and in a
second trial in Victoria, Carnegie and Ades (2005) also found higher resistance on the
adult foliage of E. maidenii to T. cryptica. As suggested by Carnegie et al. (1994) and by
Hood et al. (2002), the differences of resistance between E. maidenii and E. globulus to
T. nubilosa might be explained by natural adaptation to the disease. As E. maidenii
occurs on areas of warmer and wetter summers than E. globulus (Jordan et al. 1993),
the higher inoculum pressure induced by these conditions could have led to the
development of higher resistance through a more intense natural selection. According
to Jordan et al. (2000), early phase change in heteroblastic species might be also
favored in warm and wet environments in response to leaf diseases. However, this does
not explain, and in fact is contradictory with, the higher precocity of vegetative phase
change observed in E. globulus. This apparent contradiction could be the result of

different processes of natural selection against foliar diseases in both species.

Genetic variation for resistance to T. nubilosa was found in E. globulus and E. maidenii.
In both species, the genetic variation for defoliation and crown damage index was
higher than for severity of leaf spots. Although the additive variance for severity of leaf

spots was statistically significant in E. globulus, it was very low, probably explained by
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the high susceptibility of this species (Carnegie et al. 1998). In the case of E. maidenii,
significant additive variance was found for defoliation and crown damage index, but
not for severity of leaf spots. This could be an intrinsic characteristic of the species or
could be explained by the more reduced genetic base of the assessed population. While
there are no published results on genetic control for resistance to T. nubilosa in E.
maidenii, our individual tree narrow-sense heritability estimates for defoliation (0.21)
and crown damage index (0.20) suggests that it is possible to obtain acceptable

responses to selection for resistance to this pathogen.

In E. globulus the heritability estimate was moderately high for severity of leaf spots
(0.40) and moderate for defoliation (0.24) and crown damage index (0.30). Although
these values are lower than the heritability obtained by Milgate et al. (2005) for
severity to T. nubilosa (0.60), they are similar to those reported also in E. globulus by
the following authors: Reinoso (1992) estimated heritabilities for severity to MLD from
0.23 to 0.48; Dungey et al. (1997) from 0.12 to 0.21 for damage by T. nubilosa and T.
cryptica; Carnegie and Ades (2005) from 0.17 to 0.36 for damage by T. cryptica;
Hamilton et al. (2013) from 0.13 to 0.35 for severity to MLD, and Costa e Silva et al
(2013a) from 0.31 to 0.34 for susceptibility to T. nubilosa. In the present work, the
severity of leaf spots showed higher heritability than did defoliation, however, because
the latter characteristic had higher genetic variation and accounted for over 80% of
total foliar damage, selection by defoliation should be prioritised in order to seek

resistant genetic stock.

The proportion of adult foliage in E. globulus at 14 months presented a high heritability
(0.64). This value agrees with the heritabilities reported for this species in Australia by
Lopez et al. (2002) for proportion of adult foliage (0.54-0.65) and for height of phase
change by Jordan et al. (1999) (0.43-0.74) and Hamilton et al. (2011) (0.44-0.65) and is
also higher than the heritability obtained for E. globulus in other trials in Uruguay
(0.41) (Balmelli et al. 2013a). The strong genetic control of the timing of phase change
in E. globulus is confirmed by the very high inter-trial genetic correlation, i.e. very low
genotype-by-environment interaction, reported by Lopez et al. (2002) (0.88-0.96) and
by Hamilton et al. (2011) (0.39-1.02). These results suggest that there are excellent
opportunities for selection and breeding to obtain genetic stock with an earlier change
to adult foliage, which represents a form of escape from diseases such as MLD primarily

affecting juvenile foliage (Carnegie et al. 1994; Park et al. 2000).
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The relationship between leaf spot severity and defoliation was moderately low, with
significant phenotypic correlations (0.27 and 0.26) on both species and significant
genetic correlation (0.52) in E. globulus. Considering that T. nubilosa was the cause of
defoliation (leaves that were falling were heavily infected, the canopies had not closed
at the time of assessment and no other disease or possible cause was evident), these
values are lower than expected. However, the fact that more heavily spotted leaves are
those that generally fall, which reduces the spot severity on the tree and its variation
among trees, could explain the relatively low phenotypic correlation between both
characteristics. Other authors had also found low correlations between disease severity
and defoliation in E. globulus (Reinoso 1992, r, = -0.02 to 0.30 and ry = 0.09 to 0.20;
Carnegie et al. 1994, r, = 0.53; Milgate et al. 2005, r, =0.45), suggesting that the timing
of assessment has an important effect on the relative degree of severity of leaf spots

and defoliation caused by MLD.

Tree height was phenotypically correlated with defoliation (-0.21 and -0.19) and crown
damage index (-0.19 and -0.20) in both E. globulus and E. maidenii, indicating that the
faster the initial growth the lower the degree of damage caused by the disease. A
significant relationship was found on E. globulus between the genetic control for tree
height and defoliation (ry = -0.39) and between tree height and crown damage index (ry
= -0.37). Comparable genetic correlations (-0.52) between height at 2 years and
severity of damage due to T. nubilosa were reported on E. globulus in Australia by
Milgate et al. (2005). These results argue that selection for initial growth on E. globulus

could improve resistance for sites affected by T. nubilosa, and vice versa.

There were moderate but significant phenotypic (r, = 0.41) and genetic (r; = 0.49)
correlations between tree height and proportion of adult foliage in E. globulus,
indicating that those trees and families that grew faster tended to change the foliage
earlier and therefore that selection by tree growth would reduce the juvenile phase.
These results are comparable with previous findings on E. globulus growing in Uruguay
reported by Balmelli et al. (2013a), who found positive phenotypic (0.35) and genetic
(0.39) correlations between tree height at the age of 8 months and the proportion of
adult foliage at the age of 20 months. Jordan et al. (2000) suggested that the onset of
phase change is determined by the developmental age (the number of nodes set) and,
thus, it would be expected that phase change occur sooner in fast growing plants.
However, other authors have reported more variable correlations between growth and

the timing of phase change in E. globulus: Lopez et al. (2002) reported genetic
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correlations ranging from -0.01 to 0.27 between tree height and the percentage of adult
foliage and Milgate et al. (2005) found no significant genetic correlations between
growth and height to phase change. Jordan et al. (2000) found that the genetic
association between the growth rate and the timing of phase change ranged across sites

from positive values to negative values.

The relationships between disease damage (leaf spot severity, defoliation and crown
damage index) and the proportion of adult foliage were significant and negative on E.
globulus, with phenotypic correlations ranging from -0.17 to -0.35 and genetic
correlations from -0.31 to -0.71. Although some studies have found no significant
genetic correlations between the severity of damage and the timing of transition to
adult foliage (Milgate et al. 2005; Costa e Silva et al. 2013a), our estimates are
comparable with those obtained by Dungey et al. (1997), also on E. globulus, who
report a positive genetic relationship (0.54) between disease severity and height of
phase change. These correlations indicate that the trees and families with lower levels
of damage had higher proportion of adult foliage and thus we can expect a more

precocious shift to adult foliage by selecting for resistance to T. nubilosa, and vice versa.

This study showed that the juvenile foliage of E. maidenii is more resistant to T.
nubilosa than is that of E. globulus. However, the degree of damage recorded in E.
maidenii suggests that this species is not suitable for sites at risk of severe infections. In
addition, the small genetic variability for resistance and the late transition from
juvenile to adult foliage observed in E. maidenii suggest that the chances of obtaining
better genotypes through selection are quite limited in this species. Conversely, to
obtain genetic stock of E. globulus for sites with risk of damage by T. nubilosa, it is
possible to select both for resistance of the juvenile foliage and for a precocious change
to adult foliage. However, both the phenotypic variation and the heritability for timing
of phase change are higher than for resistance, indicating that higher genetic gains
would be expected through selection for proportion of adult foliage, i.e. selecting for an
early escape to the disease. In addition, selection for this characteristic can be
performed irrespective of environmental conditions and the presence of the pathogen.
This is especially important for countries like Chile, where E. globulus is utilised
commercially and T. nubilosa is not yet present, since it allows the selection of genetic

stocks preventatively.
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With the aim to obtain planting stock of E. globulus and E. maidenii with good
performance in the presence of T. nubilosa, the parents with the most precocious phase
change in the INIA’s breeding populations are currently being used on intra-specific
and inter-specific controlled crosses. At the same time, the individuals of both species
with the highest proportion of adult foliage in the progeny test are being selected for
cloning. Both the controlled crosses and the clones obtained will be assessed in the
near future for their resistance to T. nubilosa. It is expected that in the medium term it
will be possible to obtain clones that minimise the amount of damage caused by this

disease on young plantations.
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RESUMEN

Las Manchas de Mycosphaerella provocadas por Teratosphaeria nubilosa afectan
severamente las plantaciones jévenes de E. globulus y E. maidenii en Uruguay. En los
ultimos anos E. globulus esta siendo sustituida por especies mas resistentes a esta
enfermedad, como E. maidenii, E. grandis y E. dunnii. Sin embargo atn no se conoce la
susceptibilidad relativa de E. globulus y E. maidenii frente a T. nubilosa y tampoco se
han cuantificado las pérdidas provocadas por la enfermedad en dichas especies en las
condiciones de Uruguay. El presente trabajo analiza el comportamiento de E. globulus 'y
E. maidenii frente a T. nubilosa en base a datos obtenidos en una prueba de progenies
infectada naturalmente por este patégeno. La severidad de los dafios provocados por la
enfermedad (manchas foliares y defoliacién), asi como la proporcién de follaje adulto,
fueron cuantificadas a los 14, 21 y 26 meses de edad. Los efectos de la defoliacién y de
la precocidad del cambio de follaje sobre el crecimiento y sobre la mortalidad fueron
evaluados a los 26 meses de edad. Eucalyptus globulus presentd mayor susceptibilidad
que E. maidenii, con valores de severidad de manchas y defoliacion significativamente
mayores que los de E. maidenii. Por el contrario, la proporcion de follaje adulto en E.
globulus fue significativamente mayor que en E. maidenii. Al afo de iniciada la

epidemia, el efecto perjudicial del dafio foliar fue mayor en E. globulus que en E.
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maidenii, registrandose en los arboles mas defoliados una pérdida de crecimiento en
DAP de 45% y 30%, respectivamente. En el caso de E. globulus, en los niveles de
defoliacion mas altos también se observdé una alta mortalidad. En esta especie, los
arboles con mayor proporcién de follaje adulto crecieron un 30% mas y tuvieron
menor mortalidad que los arboles que solamente tenian follaje juvenil. Desde el punto
de vista productivo, tanto el dafio foliar como las pérdidas de crecimiento registrados
en E. maidenii sugieren que esta especie no es una alternativa efectiva para sustituir a

E. globulus cuando ocurren infecciones severas de T. nubilosa.

Palabras clave: mancha foliar, defoliacion, cambio de follaje, crecimiento, mortalidad.

INTRODUCCION

Desde la apariciéon de Teratosphaeria nubilosa en Uruguay en el afio 2007 (Pérez et al.
2009), las plantaciones jovenes de Eucalyptus globulus y Eucalyptus maidenii estan
siendo severamente afectadas por la enfermedad causada por dicho hongo y conocida
como Mancha Foliar por Mycosphaerella (o0 MLD por sus siglas en Inglés). Dicha
enfermedad afecta principalmente el follaje juvenil, produciendo manchas foliares y
defoliacion (Carnegie et al. 1998; Hunter et al. 2009). La frecuente ocurrencia y gran
severidad de los dafios provocados por esta enfermedad son consecuencia de la alta
susceptibilidad del follaje juvenil de E. globulus y E. maidenii, del gran volumen de
in6culo producido por el patégeno y de que las condiciones ambientales
predisponentes (varios dias de lluvia y alta humedad relativa) son frecuentes en
Uruguay (Balmelli et al. 2009a, 2009b, 2011a; 2013a, Simeto et al. 2010; Pérez et al.
2013). La magnitud del problema en E. globulus, que en ocasiones llega a provocar
pérdidas de area foliar superiores al 80% (Balmelli et al. 2011a; Pérez et al. 2013;
Alonso et al. 2013), ha provocado en los udltimos afios el reemplazo de esta especie por
otras mas resistentes, como E. dunnii, E. grandis y E. maidenii. De hecho, el area
plantada anualmente con E. globulus ha sufrido una drastica reduccion, pasando de

11600 hectareas en 2006 a 706 hectareas en 2011 (MGAP 2013).

La pérdida de area foliar provocada por enfermedades afecta el crecimiento de los
arboles y en determinadas circunstancias provoca mortalidad, lo cual disminuye la
productividad de la plantacion. Sin embargo, y a pesar de la gravedad del problema, la

magnitud de las pérdidas provocadas por T. nubilosa en E. globulus y en E. maidenii ain
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no ha sido cuantificada en Uruguay. Por otro lado, si bien E. maidenii es utilizada por
algunas empresas forestales para sustituir a E. globulus, hasta el momento tampoco se
conoce la susceptibilidad relativa de ambas especies. Por tal motivo, el presente trabajo
tiene como objetivos: a) evaluar el comportamiento de E. globulus y E. maidenii frente a
T. nubilosa; b) cuantificar el efecto del dafio provocado por la enfermedad sobre el
crecimiento y sobre la mortalidad al afio de comenzada la epidemia; y c¢) cuantificar el
efecto del cambio de follaje sobre el nivel de dafo, el crecimiento y la mortalidad al afio

de comenzada la epidemia.

MATERIALES Y METODOS

La poblacién evaluada corresponde a una prueba de progenies de E. globulus y E.
maidenii instalada en Marzo de 2011 en Lavalleja (Ruta 8, km 161). El ensayo se instal6
en un suelo 2.11a y su preparacién consistié en la aplicaciéon de herbicida pre-laboreo
(Glifosato, 3 L/ha), laboreo en fajas (subsolado y excéntrica) y aplicacion de herbicida
pre y post emergente (Goal + Arnes: 1.5 + 1.5 L/ha). La densidad de plantacién fue de
1428 plantas por hectarea (3.5 metros entre lineas y 2 metros entre plantas). Se
fertiliz6 al momento de la plantacién con 80 g/planta de 12/48/8. El material genético
evaluado corresponde a 194 familias de polinizacién abierta de E. globulus y 86 de E.
maidenii provenientes de las poblaciones de cria del INIA. El disefio experimental es de

bloques completos al azar, con 3 repeticiones y parcelas de 8 plantas en linea.

En Febrero de 2012 (a los 11 meses de instalado el ensayo) se registraron varios dias
consecutivos de lluvia y/o alta humedad relativa, lo cual desencadend una severa
epidemia de T. nubilosa (Figura 1). Entre Marzo y Mayo se registraron nuevas
infecciones, lo que provocé un aumento continuo de la defoliacion en los meses
siguientes. El crecimiento (altura), la severidad del dafio foliar y la precocidad del
cambio de follaje fueron evaluados en Mayo de 2012, a los 14 meses de edad (Figura 2).
La susceptibilidad a la enfermedad fue cuantificada en la totalidad de la copa de cada
arbol en base a la severidad de manchas foliares y a la defoliacién (porcentaje de hojas
caidas), mediante escalas visuales adaptadas de Lundquist y Purnell (1987). Para la
severidad de manchas se utilizé una escala con intervalos de 5% (de 0 a 100%) y para
la defoliacion con intervalos de 10% (de 0 a 100%). Con ambos parametros se estimo el
dafio foliar total mediante el Indice de Dafio de Copa (IDC), adaptado de Stone et al.
(2003), calculado cémo: IDC = Defoliacién + ((1 - Defoliacion/100 x Severidad de
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manchas/100). Para evaluar la precocidad del cambio de follaje se midi6 la proporcién

de follaje adulto, también con una escala visual a intervalos de 10% (Figura 3).

Figura 1. Manchas tipicas de T. nubilosa en E. globulus (izquierda) y E. maidenii
(derecha).

Figura 2. Vista del ensayo en el momento de la evaluacién a los 14 meses (izquierda) y a
los 21 meses (derecha).

En diciembre de 2012 (a los 21 meses de edad, Figura 2) se evalu6 defoliaciéon y
proporcion de follaje adulto, utilizando las mismas escalas que en la evaluacion
anterior. Finalmente, en Mayo de 2013 (a los 26 meses de edad) se evalud el
crecimiento en altura y en didmetro a la altura del pecho (DAP) y la proporcién de
follaje adulto. El niimero de arboles vivos en cada medicién se utilizé para calcular la

mortalidad ocurrida entre dos evaluaciones.
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Figura 3. Dafio foliar y cambio de follaje. a) Arbol con 60% de defoliacién y in follaje
adulto; b) arbol con 40% de defoliacién y 20% de follaje adulto y c) arbol con 10% de
defoliaciéon y 70% de follaje adulto.
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El efecto del dafio provocado por T. nubilosa se analizé en cada especie por separado. El
andlisis se realiz6 a nivel fenotipico, considerandose a ambas poblaciones como
unidades genéticamente heterogéneas. La relacién entre diferentes variables a nivel
individual se estim6 mediante el coeficiente de correlacion de Pearson. El efecto del
dafio se evalud, mediante andalisis de varianza, para el crecimiento medio (incremento
en altura y DAP) y para la mortalidad media entre los 14 y los 26 meses registrados en
cada nivel de defoliacion a los 14 meses. Para los contrastes de medias se utilizo el test
de Tukey-Kramer. El mismo tipo de analisis se utilizé para cuantificar el efecto de la
precocidad del cambio de follaje (porcentaje de follaje adulto a los 14 meses) sobre el
crecimiento y sobre la mortalidad posterior. Para la evaluacién de los efectos sobre la
mortalidad se excluyeron del andlisis 92 arboles de E. globulus y 39 de E. maidenii que
se volcaron con posterioridad a la primera evaluacién. También se excluyeron 87
arboles de E. globulus y 31 de E. maidenii que fueron seleccionados por su alta
proporcion de follaje adulto y cortados en agosto de 2012 para su clonacion. La
normalidad de los datos asi como la homocedasticidad de la varianza residual se
comprobd mediante analisis graficos (graficas de distribuciéon normal y graficas de
valores predichos vs residuales), los cuales mostraron que no existen desviaciones en
la normalidad ni falta de homogeneidad de varianza. Para los analisis estadisticos se

utilizaron los procedimientos GLM y CORR del SAS (SAS Institute 1997).
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RESULTADOS Y DISCUSION

Respuesta de E. globulus y E. maidenii frente a epidemias de manchas foliares

causadas por T. nubilosa

En la primera evaluacién sanitaria, a los tres meses de iniciada la epidemia de T.
nubilosa, practicamente el 100% de los arboles de ambas especies presentaban
manchas foliares y defoliacion. Esta dltima caracteristica represent6 un 81.6% del dafio
total (IDC) en E. globulus y un 83.6% en E. maidenii. El nivel de dafio en E. globulus fue
superior al de E. maidenii, encontrandose diferencias significativas para severidad de
manchas (P<0.05), para defoliaciéon (P<0.01) y para el dafio total (IDC) (P<0.01) (Tabla
1). Entre la primera y la segunda evaluacién el nivel de dafio provocado por la
enfermedad continu6é aumentando, principalmente por un incremento en la defoliacion.
Este hecho resaltdé las diferencias en susceptibilidad entre ambas especies,
registrandose a los 21 meses (a los 10 meses de iniciada la epidemia) una defoliaciéon

media del 52.5% en E. globulus 'y 28.8% en E. maidenii (Tabla 1).

Tabla 1. Comportamiento de E. globulus y E. maidenii a los 14, 21 y 26 meses de edad.

14 meses 21 meses 26 meses
Caracteristica E. E. E. E. E. E
globulus  maidenii globulus  maidenii globulus  maidenii

Severidad de 105 5 g i i i
manchas (%)
Defoliacién (%) 315 22.8% 525  28.8% - -
IDC (%) 387  27.1% - - - -
o) 4
% arboles con 34.1 2.8 *Hx 53.9 9.3 *kx 82.8  54.3 %
follaje adulto
% Follaje Adulto 9.9 0.6 *** 17.3 2.3 *k* 29.4 12.0 ***
Supervivencia (%) 82.9 87.1 ns 77.1 81.0 ns 74.2 79.7 **
Altura (cm) 287 275 - - 596 655 ***
DAP (cm) - - - - 5.5 7.0 ¥**

Nota: *** diferencias entre especies al 1%, ** diferencias al 5%, ns diferencias no significativas.

El cambio de follaje, de juvenil a adulto, comenz6 significativamente mas temprano en
E. globulus que en E. maidenii. A los 14 meses el 34.1% de los arboles de E. globulus ya
tenia hojas adultas, mientras que en E. maidenii solo tenian hojas adultas el 2.8% de los

arboles (Tabla 1). La diferencia en el cambio de follaje entre ambas especies se
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mantuvo hasta la tltima evaluacién (26 meses), momento en que el 82.8% y 54.3% de
los arboles de E. globulus y E. maidenii tenian, respectivamente, hojas adultas (Tabla 1).
E. maidenii present6 a los 26 meses un promedio de 12% de follaje adulto, valor similar
al que present6 E. globulus a los 14 meses (9.9%), indicando que esta ultima especie
comienza el cambio de follaje aproximadamente un afio antes (Tabla 1). El follaje
juvenil es mucho mas susceptible a T. nubilosa que el follaje adulto (Park et al. 2000),
por lo que si bien E. globulus es mas susceptible a T. nubilosa que E. maidenii, 1a mayor

precocidad en el cambio de follaje le permitiria escapar a nuevas infecciones.

En la evaluacion realizada a los 14 meses ambas especies presentaban similar
supervivencia (Tabla 1). Sin embargo, entre los 14 y los 26 meses la mortalidad
promedio de E. globulus fue mayor que la de E. maidenii, 1o que determiné que a los 26
meses la supervivencia de E. maidenii pasara a ser significativamente mayor que la de
E. globulus. Por otro lado, a los 14 meses el crecimiento de E. globulus era
significativamente mayor que el de E. maidenii, pero entre los 14 y los 26 meses el
crecimiento relativo se revirtio, pasando E. maidenii a tener mayor altura y mayor DAP
promedio que E. globulus (Tabla 1). El menor crecimiento de E. globulus entre los 14 y
los 26 meses podria deberse al efecto perjudicial del mayor nivel de dafo registrados
en esta especie. En un ensayo de especies y origenes de Eucalyptus instalado en
Lavalleja en 1992, y por lo tanto en ausencia de la enfermedad, el crecimiento de E.
globulus fue superior al de E. maidenii, tanto al primer aflo como al tercer afio (datos sin
publicar). Estos resultados confirmarian la hipétesis de que el mayor nivel de dafio
provocado por T. nubilosa en E. globulus explicaria el menor crecimiento de esta

especie observado en el presente ensayo con posterioridad al inicio de la epidemia.

Efecto del dafio foliar provocado por T. nubilosa sobre el crecimiento y sobre la

mortalidad al afio de comenzada la epidemia

Al momento de la primera evaluacién sanitaria no existian arboles sin dafio, por lo
tanto no se dispone de un verdadero control para cuantificar el efecto de la enfermedad
sobre el crecimiento y sobre la supervivencia, tomandose como base de comparacién al
grupo de arboles que presentaban entre 0 y 10% de defoliaciéon (clase 10%). La

cantidad de arboles que presentaba cada nivel de defoliacién se presenta en el Tabla 2.

Tabla 2. Ndmero de arboles de E. globulus y de E. maidenii con cada nivel de defoliacién
en la evaluacidn realizada a los 14 meses de edad.
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Defoliacion E. globulus E. maidenii

(%) (N° de arboles)  (N°de arboles)
<10 185 234

20 572 838

30 1709 571

40 1073 81

50 198 0

60 20 0

En ambas especies se encontrd una relacion inversa entre el nivel de dafio a los 14
meses y el crecimiento posterior. El coeficiente de correlaciéon individual entre la
defoliacion a los 14 meses y el incremento en altura entre los 14 y los 26 meses fue de -
0.38 (P<0.01) en E. globulus y de -0.30 (P<0.01) en E. maidenii. El crecimiento en altura
en E. maidenii solamente se vio significativamente afectado en los arboles con mayor
nivel de dafio foliar (40% de defoliacion, Figura 4). En E. globulus los arboles con una
defoliacién igual o superior al 30% tuvieron crecimientos significativamente menores
que los de la clase de defoliacion < 10% (Figura 4). La diferencia de crecimiento en
altura entre los arboles mas dafados y los menos danados, es decir la pérdida de
crecimiento en los niveles de mayor defoliacidn, fue de 22% en E. maidenii y de 38% en
E. globulus. También se observé una relacién inversa entre la defoliacion a los 14 meses
y el DAP a los 26 meses, con un coeficiente de correlacién fue de -0.38 (P<0.01) en
ambas especies. Sin embargo el efecto del dafio sobre el DAP es significativo a niveles
de defoliaciéon mas bajos (30% en E. maidenii y 20% en E. globulus) y las pérdidas de
crecimiento en los niveles de mayor defoliacién son mayores que las registradas para el

crecimiento en altura (32% en E. maidenii y 44% en E. globulus) (Figura 4).

El efecto de la reduccién del area foliar en Eucalyptus ha sido reportado por varios
autores: Carnegie y Ades (2003) para manchas de MLD y Pinkard et al. (2006) para
defoliacion artificial, encontraron que el crecimiento de E. globulus se vio afectado a
partir de un 10% de dafio; Smith (2006) en E. globulus y Lundquist y Purnell (1987) en
E. nitens concluyeron que el crecimiento se vio afectado cuando la defoliacion
producida por MLD fue superior al 20% y 25%, respectivamente. Sin embargo, Pinkard
(2003) en E. globulus encontré perdidas de crecimiento en sitios de buena
productividad solamente cuando la defoliaciéon superaba el 40%, mientras que Rapley
et al. (2009) en E. nitens, encontraron efectos sobre el crecimiento cuando la

defoliacion superaba el 60%. El efecto del dafio de enfermedades foliares sobre E.
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globulus fue reportado previamente para Uruguay por Balmelli et al. (2011b, 2013b),
quienes encontraron que el crecimiento fue afectado significativamente cuando la
defoliacion fue mayor al 40%, con pérdidas de 20% en DAP al séptimo afio en los
arboles con mayor defoliacidn. El ensayo analizado en dichos trabajos sufrié un dnico
evento de defoliacién durante el primer afio, lo que contrasta con la situacién actual,
donde la defoliacién provocada por T. nubilosa continué aumentando en el segundo afio
(Tabla 1). Segun Collett y Neumann (2002) y Wills et al. (2004) las defoliaciones
repetidas tienen un mayor efecto perjudicial sobre el crecimiento que las defoliaciones
aisladas, lo que explicaria las mayores pérdidas de crecimiento registradas en el

presente estudio.
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Figura 4. Incremento en altura entre los 14 y los 26 meses (izquierda) y DAP a los 26
meses (derecha) segun el nivel de defoliacién a los 14 meses. Dentro de cada especie,
clases de defoliacion con diferentes letras indican diferencias estadisticamente
significativas (al 5% por el test de Tukey-Kramer) en el crecimiento.

El dafio provocado por T. nubilosa no afect6 la supervivencia posterior en E. maidenii
pero si en E. globulus, donde los arboles mas dafiados (clases de defoliacién 50 y 60%)
presentaron mortalidades significativamente mayores que los arboles de las demaés
clases de dafio (Figura 5). Si bien existen estudios en base a defoliacién artificial en E.
globulus, donde la defoliacidn, atin a niveles de 100%, no afect6 la supervivencia a los
11 meses post dano (Collett y Neumann 2002), los resultados del presente trabajo
sugieren que defoliaciones del 50% o superiores comprometen la supervivencia
posterior. Similares resultados fueron reportados por Balmelli et al. (2011b, 2013b),
donde la mortalidad en ensayos de E. globulus afectados por enfermedades foliares
aumentd significativamente cuando los valores de defoliacién fueron superiores al
60%. Sin embargo la muerte de arboles no puede atribuirse directamente al dafio

provocado por la enfermedad, sino que probablemente sea el resultado de una
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interaccion entre el debilitamiento de los arboles mas danados y el efecto de otros
factores biodticos o abidticos, incluida la competencia generada por arboles vecinos

(Carnegie et al. 1994).
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Figura 5. Mortalidad entre los 14 y los 26 meses segun nivel de defoliaciéon a los 14
meses. Dentro de cada especie, clases de defoliacién con diferentes letras indican
diferencias estadisticamente significativas (al 5% por el test de Tukey-Kramer) en
mortalidad.

Efecto de la precocidad del cambio de follaje en E. globulus sobre el nivel de dafio

provocado por T. nubilosa y sobre el crecimiento y la mortalidad posterior

A los 14 meses el 97% de los arboles de E. maidenii presentaban Unicamente follaje
juvenil (Tabla 3), por lo cual el efecto de la precocidad del cambio de follaje no fue

analizado en esta especie.

Como se mencioné anteriormente, el follaje juvenil es mucho mas susceptible a T.
nubilosa que el follaje adulto, lo que explica la relacién inversa observada en E. globulus
entre el cambio de follaje y el nivel de dafio a los 14 meses (r = -0.37, P<0.01). En esta
especie se registr6é una disminucion significativa en el nivel de defoliacién en aquellos
arboles que tenian 30% o mas de follaje adulto (Figura 6). Desde otro punto de vista, la
defoliacion de los arboles de E. globulus que presentaban 40% de follaje adulto fue
similar a la defoliacion de los arboles de E. maidenii con el 100% de follaje juvenil. El
hecho de que E. maidenii presente menor nivel de dafio que E. globulus sugiere que la
mayor resistencia relativa no esta dada por una mayor proporcién de follaje adulto,

sino por diferencias en caracteristicas anatémicas y/o fisiolégicas del follaje juvenil.
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Tabla 3. Numero de arboles de E. globulus y de E. maidenii con cada nivel de follaje
adulto en la evaluacion realizada a los 14 meses de edad.

Follaje Adulto E. globulus E. maidenii
(%) (N°de arboles)  (N°de arboles)
0 2543 1747
10 254 25
20 255 9
30 499 13
40 216 0
50 78 0
60 30 0
70 25 0
40
35 3 a W E. globulus

W E. maidenii

% Defoliacion 14 m

0 10 20 30 40 50 60 70
% Follaje Adulto 14 meses

Figura 6. Defoliacién segin el porcentaje de follaje adulto a los 14 meses. Dentro de E.
globulus, clases de follaje adulto con diferentes letras indican diferencias
estadisticamente significativas (al 5% por el test de Tukey-Kramer) en el porcentaje de
defoliacion. La defoliacidn en E. maidenii se presenta iinicamente como referencia.

En E. globulus se encontr6 una relacion directa entre el porcentaje de follaje adulto a los
14 meses y el crecimiento posterior: r = 0.43 (P<0.01), con el incremento en altura
entre los 14 y los 26 meses y r = 0.49 (P<0.01) con el DAP a los 26 meses (Figura 7). Los
arboles que tenian un 20% o mas de follaje adulto, o los que tenian al menos un 10% de
follaje adulto, tuvieron respectivamente un crecimiento en altura y DAP
significativamente mayor que los que ain no habian comenzado a cambiar el follaje
(0% follaje adulto). La diferencia de crecimiento entre los arboles con mayor
proporcion de follaje adulto respecto a los que tenfan 100% de follaje juvenil fue de un

25% en altura y de un 30% en DAP. En otras palabras, el cambio precoz de follaje,
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asociado a un menor nivel de dafio (Figura 6), tuvo un efecto positivo sobre el

crecimiento posterior, siendo dicho efecto mas marcado en el caso del DAP.
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Figura 7. Incremento en altura entre los 14 y los 26 meses (izquierda) y DAP a los 26
meses (derecha) en E. globulus segin porcentaje de follaje adulto a los 14 meses. Clases
de follaje adulto con diferentes letras indican diferencias estadisticamente
significativas (al 5% por el test de Tukey-Kramer) en el crecimiento. El crecimiento
para E. maidenii se presenta Unicamente como referencia.

Los arboles que a los 14 meses ya habian comenzado a cambiar el follaje presentaron
una mortalidad entre los 14 y los 26 meses significativamente menor que aquellos que
solamente presentaban follaje juvenil (Figura 8). Sin embargo, no hubo diferencias
estadisticamente significativas en la mortalidad de los arboles que a los 14 meses ya

habian comenzado a cambiar de follaje.
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Figura 8. Mortalidad entre los 14 y los 26 meses segin porcentaje de follaje adulto a los
14 meses en E. globulus. Clases de follaje adulto con diferentes letras indican
diferencias estadisticamente significativas (al 5% por el test de Tukey-Kramer) en la
mortalidad. La mortalidad para E. maidenii se presenta inicamente como referencia.

131



Como se vio anteriormente (Figura 6), el cambio precoz de follaje en E. globulus esta
asociado a un menor nivel de dafio de T. nubilosa, y probablemente debido a esto,
favorece el crecimiento y reduce la mortalidad de los arboles afectados. Parece logico
por lo tanto promover el cambio temprano de follaje como medida de manejo de la
enfermedad. Hay al menos dos alternativas para ello: acelerar el crecimiento inicial
mediante una silvicultura intensiva y utilizar genotipos seleccionados por precocidad
en el cambio de follaje. Sin embargo la relaciéon entre el crecimiento inicial y el
momento en que comienza el cambio de follaje en E. globulus es relativamente baja:
Milgate et al. (2005) reportan una correlacion fenotipica de 0.25 entre la altura a los 5
meses y la presencia de follaje adulto a los 2 afios; y Balmelli et al. (2013b) reportan
una correlacion fenotipica de 0.35 entre la altura a los 8 meses y el porcentaje de follaje
adulto a los 20 meses. Por el contrario, en varios trabajos se reporta un fuerte control
genético del momento en que se produce el cambio de follaje en E. globulus, con
heredabilidades que varian entre 0.41 y 0.74 (Balmelli et al. 2014a, 2014b; Hamilton et
al. 2011; Jordan et al. 1999; Loépez et al. 2002), lo que demuestra la posibilidad de

seleccionar genotipos con cambio precoz de follaje.

CONCLUSIONES

Los resultados obtenidos demuestran que el nivel de dafio foliar provocado por T.
nubilosa fue mayor en E. globulus que en E. maidenii. Sin embargo, la susceptibilidad
relativa de ambas especies depende del momento de la evaluacién, o lo que es lo mismo,
de la severidad de la infeccion. De todas forma, el dafio registrado en E. maidenii sugiere
que esta especie, desde el punto de vista de sustituir a E. globulus, es una alternativa
riesgosa y poco efectiva cuando se dan condiciones ambientales para la ocurrencia de

infecciones severas de T. nubilosa.

Los dafios foliares provocados por T. nubilosa afectaron el crecimiento en ambas
especies, aunque el efecto sobre el crecimiento fue mayor en E. globulus que en E.
maidenii. En el caso de E. globulus, en los niveles de defoliacion mas altos también se
registré una relativamente alta mortalidad. Si bien la muerte de arboles no puede
atribuirse al efecto directo de la enfermedad, el debilitamiento que ésta genera en los
arboles los predispone al efecto de otros factores bidticos o abidticos, lo que

compromete su supervivencia.
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La informacion generada en este trabajo demuestra que si bien el follaje juvenil de E.
globulus es muy susceptible a T. nubilosa, el cambio a follaje adulto comienza antes que
en E. maidenii. Dado que el follaje adulto es mas resistente a T. nubilosa, los arboles de
E. globulus con mayor proporciéon de follaje adulto crecieron méas y tuvieron menor
mortalidad que los arboles que solamente tenian follaje juvenil. Desde el punto de vista
productivo es deseable que el cambio de follaje comience lo antes posible ya que el
follaje adulto le permite al arbol recuperarse y escapar a nuevas infecciones. Por tal
motivo, en INIA se esta ejecutando un proyecto de seleccién y clonacidn de individuos

que presentan esta caracteristica.

Finalmente, cabe destacar que la informacién aqui presentada cuantifica el efecto del
dafio provocado por T. nubilosa al ano de iniciada la epidemia, siendo necesario

continuar la evaluaciéon hasta la edad de cosecha.
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